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THE CARDIAC OUTPUT IN MAN: STUDIES WITH THE LOW FRE- 
QUENCY, CRITICALLY-DAMPED BALLISTOCARDIOGRAPH, 
AND THE METHOD OF RIGHT ATRIAL 
CATHETERIZATION ^ 

By J. L. NICKERSON, J. V. WARREN, and E. S. BRANNON 

{From the Dctortmnit of Physiotofiy, CoUe/jc oj Physicians and Surgeons, Columbia University, 
Ne-w York, and the Medical Sei vice of the Grady Hospital and the Department 
oj Medicine, Emory UiYversity School of Medicine, Atlanta) 

\ 

(Received for puUicntion November 13, 1945) 


Although the dcterniination of cardiac output 
from the ballistic recoil of the body with each 
heart beat has been used repeatedly during the 
past 40 years, it has not been entirely satisfactory 
for general clinical use. Recently a sun’cy of the 
problem has been made by Nickerson and Curtis 
(1), and as a result of this investigation they 
have recommended certain conditions to be satis- 
fied in the construction of the ballistic system. 
Since a simple and reliable clinical method for 
■ the determination of cardiac output is of consider- 
able importance, we have undertaken to test the 
t)’pe of ballistocardiograph described by Nickerson 
and Curtis. Studies have been made measuring 
the cardiac output by the ballistocardiograph, and 
by the method of right atrial catheterization utiliz- 
ing the Fick principle. 


APPARATUS 


The ballistocardiograph used in this study differs from 
the instrument described by Starr ct aL (2) in two main 
respects : (1) the undamped natural frequency of the bed 
is low; (2) the system is critically damped. The fre- 
quency of our bed is 1.5 cycles per second, whereas that 
of Starr was much more rapid. The bed described here 
IS damped so that when it is deflected from its resting 
position, it returns to the original position with a mini- 
mum^ of overshooting. This is "critical damping” in the 
terminology of the physicists. 

The apparatus used in this study differs from that of 
ickerson and Curtis (1) only in that it was constructed 
for mounting on the fluoroscopic table upon which the 
right atrial catheterizations were performed. This ar- 
rangement permitted the almost simultaneous determina- 
lon of the rardiac output by the technique of right atrial 
ballistic -method. 

The balli stic bed consisted of a flat wooden table-top 
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mounted on 4 flat strips of spring steel (Figure 1), so that 
movement in the longitudinal direction only was possible. 
The weight of the moving parts of the bed was about 75 
pounds; tlic actual amount was not at all important, 
since variations in it were accounted for in the calibration 
to be described. Observations of the effect of increasing 
the weight of the moving part of the bed have led us to 
believe that it is more important that the bed be rigid 
than that it be of light weight. The effective length of 
the 4 springs upon which the bed was mounted \s'as ad- 
justable by means of clamps (Figure 1), so that the 
undamped frequency of the ballistic system could be 
brought to the same value (1.5 cycles per second) what- 
ever load was placed on the bed. (The same result could 
be attained by keeping the spring lengths constant and 
supplementing the patient’s weight by dead weights, thus 
maintaining the total load and hence the undamped fre- 
quenej' constant.) It should be noted that when cali- 
brating the bed to its proper frequency for various loads, 
the damping bellows, emptied of oil, should be connected 
in the system so as to contribute its part to the restoring 
forces determining the movement of the bed. It is also 
important that the sylphon bellows be as flexible as pos- 
sible in order to add but little to the restoring forces. 
The most satisfactory bellows requires a force of not 
more than 0.5 pound to compress it about 0.100 inch. 
The proper position of the clamps for each load was 
marked on a scale graduated in steps of 5 kgm., so that 
once calibrated, the setting of the ballistic bed to the 
nearest S kgm. for a subject of any weight was a rapid 
and simple procedure. 

After the frequency calibration had been completed, 
the damper bellows, tube and reservoir (Figure 1) were 
filled with oil, care being taken to exclude air bubbles 
from the system. The position of the damping rod to 
produce critical damping for each load was then deter- 
mined. The condition of critical damping can be prac- 
tically considered as that situation where the bed on 
release from a displaced position moves back to its rest- 
ing place with a minimum detectable overshoot. The 
calibration was made for a wide range of bed loads and 
over an oil temperature range corresponding to the room 
temperatures customarily found. When these calibrations 
were completed it was sufficient to know the oil tempera- 
ture and the patient’s weight in order to set the damping 
rod at the proper value. 

The movements of the bed were recorded optically on 
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Fig.- 1. Details of the Construction of the Ballistic Bed as Mounted on a Table 
The figure shows the flat springs on which the bed is supported, the spring clamps, the locking boll 
damping system, the pickup mirror mounting, and wheel-point contact. The spring clamp and mirror s: 
are shown in considerable detail. 


photographic paper. A light beam was reflected from a 
small pivoted concave mirror, which was held by means 
of a small spring against a frictionless wheel point moving 
with the ballistic bed (Figure 1). The movements of 
the reflected light were recorded by a camera similar to 
that used in an electrocardiographic apparatus. 

METHOD 

The subject was placed on his back on the ballisto- 
cardiograph with the soles of the feet tight against the 
upright foot-board, and the breath held in mid-position 
while tlie tracing was being taken. Figure 2 shows a 
typical tracing, with the headward deflections recorded in 
the upward direction, and the footward deflections in the 


downward direction. The initial major footwan 
tion (I) resulting from the recoil due largely to ' 
tion of blood by the heart, and the initial maj( 



This figure demonstrates the method of calibral 
indicates the measurements to be taken from the 
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ward dencction (J), resulting in llic main from the slow- 
ing of blood in its headward course and from its turning 
around the aortic arch, arc the most important landmarks 
in the tracing. A force of 35 grams was applied to the 
sj’stcm during a portion of the tracing by weights at- 
tached to the foot of the ballistic bed' and hanging over a 
light frictionlcss pulley. This offered a means of cali- 
brating the bed while it was under the actual conditions 
of use, by showing how far the base line was displaced 
by a standard force. Knowing the displacement caused 
by the standard force, the displacement of the major de- 
flection can be converted to the force involved (F) by 
measuring the distance between the pc.ak of the first major 
footward deflection (I) and the pc.ak of the first major 
headward deflection (J) and m.aking a simple propor- 
tionality calculation. Two other measurements were re- 
quired from the tracing: (i) the heart rate, and (2) 
the time intetwal in seconds (T) between the peak of 
tlie first major footward movement (I) and the peak of 
the first major headward movement (J). 

The formula used for computing the cardiac output is 
slightly modified from the basic equations discussed in an 
earlier paper (3). The stroke volume is given by: 


SV = 


S .02 F P 
TL 


ml., 


and the cardiac output equals the stroke volume multiplied 
by the heart rate, where F and T have been defined above 
and, along with the heart rate, are obtained from the 
ballistic record. The quantity L is tlic height of the 
subject in centimeters, and 5.02 is a constant determined 
to adjust the ballistic results to a best fit with the catheter 
data. The factor P over most of the range of blood 
pressures, equals the square root of the arithmetic mean 
of the sj'stolic and the diastolic pressures. However, at 
low pressures the results computed using VFa in the 
formula were somewhat too large, since with the corre- 
spondingly small stroke volumes, the momentum of the 
center of gravity of the heart muscle provided an ap- 
^eciable part of the impact. For this reason, a table of 
values (Table I) has been provided which gives a 
etter fit for the data on normal subjects. As seen in 
•table I, the values of P differed only from V Pa at low 
pressures. 

The methods used in the cardiac output determination 
by the catheter technique have been described elsewhere 
Samples of mixed venous blood were obtained by 
passing a flexible radiopaque catheter through the venous 
system into the right side of the heart. Arterial blood 
was obtained from an inlying needle in the femoral artery, 
^xygen consumption was measured by collecting a 2- or 
-minute sample of expired air and analyzing its contents, 
^rom these data, utilizing the Pick principle, the cardiac 
output was calculated as follows : 


cardiac output = o^ygeu consumption _ 
arteriovenous difference 

^Bewusa the output of the heart varies with body si 
ve facilitated comparison between individuals 
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\’r. 

P 

V. 

VF . 

P 

50 

7.1 

5.0 

100 

10.0 

10.0 

52 

7.2 

5.3 

102 

10.1 

10.1 

5-} 

7.3 

5.6 

104 

10.2 

10.2 

56 

7.5 

5.8 

106 

10.3 

10.3 

58 

7.6 

6.1 

108 

10.4 

10.4 

60 

7.7 

6.4 

no 

10.5 

10.5 

62 

7.9 

6.7 

112 

10.6 

10.6 

64 

8.0 

7.0 

114 

10.7 

10.7 

66 

8.1 

7.2 

116 

10.8 

10.8 

68 

8.2 

7.5 

118 

10.9 

10.9 

70 

8.4 

7.8 

120 

11.0 

11.0 

72 

8.5 

8.1 

122 

11.0 

11.0 

74 

8.6 

8.3 

124 

11.1 

11.1 

76 

8.7 

8.5 

126 

n.2 

11.2 

78 

8.8 

8.7 

128 

11.3 

11.3 

80 

8.9 

8.9 

130 

11.4 

11.4 

82 

9.1 

9.1 

132 

II.S 

11.5 

84 

9.2 

9.2 

134 

11.6 

11.6 

86 

9.3 

9.3 

136 

11.7 

11.7 

88 

9.4 

9.4 

138 

11.7 

11.7 

90 

9.5 

9.5 

140 

11.8 

11.8 

92 

9.6 

9.6 

142 

11.9 

11.9 

94 

9.7 

9.7 

144 

12.0 

12.0 

96 

9.8 

9.8 




98 

9.9 

9.9 





expressing the output in terms of cardiac index. This is 
the cardiac output in liters per minute per square meter 
of body surface. 

In obtaining the data reported here, all subjects, except 
the patients in shock, were studied in the morning 15 
hours after the last meal. The catheter was passed and 
the arterial needle inserted. After a variable period of 
time, during which the subject was able to relax and 
reach a relatively stable state, the observations \vere 
made. At first, ballistic tracings were obtained both 
before and after the samples were taken for the Pick 
output. Later, because these tracings varied so little, 
they were obtained only either immediately before or 
after the Pick output determinations. 


RESULTS 

Eighty-one cardiac output determinations by 
the catheter technique and almost simultaneous 
ballistic tracings were made on 58 individuals. 
The data obtained on the first 50 of these determi- 
nations on subjects without heart diseasp or myx- 
edema were used to evaluate empirically the con- 
stants in the stroke volume equation. The stroke 
volume constant 5.02, and the values of the pres- 
sure factor P given in Table I are the results of 
these determinations. Once determined, these con- 
stants, which gave the best fit of the ballistic and 
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the catheter data, were used throughout this study. 
This method of computing the cardiac output from 
the ballistic records does not invalidate a compara- 
tive study of the results of the 2 methods. Ac- 
tually, it tests the success of the formula in fitting 


the ballistic data to that obtained by the applica- 
tion of the Fick principle. It should be remem- 
bered, however, that because of the empirical ad- 
justment, the cardiac output by the ballistic 
method is dependent on the values obtained by the 


TABLE n 


Subject 

Sex 

Age 

Ht. 

Wt. 

D 

Fick 

j 

Pressure 

F. 

■ 

HR 

BCG 

Cl 

p. 

Fd 

Cl 

L.A. 

L.A. 

L. A. 

E.J. 

E.J. 

E.J. 

S.M. 

S.M. 

S.M. 

S.M. 

W.T. 

W.T. 

M. Z. 

M. Z. 
P.D. 

N. A. 
N.A. 

N. A. 
J.B. 

J.B. 

J.B. 

J.B. 

L.L. 

L.L. 

L. L. 

, A.R. 

A. R. 
J.S. 

J.S. 

w.w. 

W.W. 

W.W. 

Y.A. 

W.B. 

O. F. 
E.G. 

M. J. 
V.M. 
J.W. 

c.c. 

J.E. 

B. E. 
R.C. 
R.C. 

I. M. 
A.C. 
A.C. 

J. C. 

A. G. 
H.M. 
M.S. 

C. L. 
C.L. 

B. H. 

M 

M 

M 

F 

F 

F 

M 

M 

M 

M 

M 

M 

F 

F 

M 

M 

M 

M 

M 

M 

M 

M 

M 

M 

M 

M 

M 

M 

M 

M 

M 

M 

M 

M 

M 

M 

F 

M 

M 

M 

M 

F 

M 

M 

F 

F 

F 

M 

F 

M 

F 

F 

F 

M 

yrs. 

IS 

15 

15 

30 

30 

30 

39 

39 

39 

39 

52 

52 

22 

22 

34 

33 

33 

33 

30 

30 

36 

36 

16 

16 

16 

40 

40 

30 

30 

57 

57 

• 57 

16 

17 

31 

29 

21 

18 

42 

36 

48 

22 

SO 

SO 

22 

27 

27 

35 

30 

34 

30 

26 

26 

29 

5'7" 

5'7'' 

5'7" 

4'11" 

4' 11" 

'4' 11" 
6'2" 
6'2" 
6'2" 
6'2" 
5'7" 
5'7" 
S'l" 
5'1" 
S'7" 
S'lO" 
S'lO" 
S'lO" 

S' 11" 
S'll" 
5'9'' 
S'9'' 
5'8" 
5'8'' 
5'8'' 
6'!" 
6'1" 
5'8'' 
5'8'' 
5'6'' 
5'6'' 
5'6'' 
S'S" 
5'4'' 
S'll" 
5'6'' 
5'4'' 
S'6'' 
5'6'' 
6'!" 
S'll" 
5'4'' 
5'3'' 
5'3'' 
5'4'' 
5'2'' 
5'2" 
5'7'' 
'5'4'' 
5'4'' 
S'l" 
S'lO" 
S'lO" 
5'9" 

lb. 

131 

131 

131 

90 

90 

90 

150 

ISO 

150 

150 

167 

167 

no 

no 

130 

135 

135 

135 

189 

189 

189 

189 

139 

139 

139 

146 

146 

142 

142 

145 

145 

145 

116 

105 

155 

121 

104 

153 

135 

166 

148 

129 

126 

126 

94 

127 

127 

133 

108 

172 

111 

258 

258 

168 

sq. m. 

1.68 

1.68 

1.68 

1.31 

1.31 

1.31 

1.91 

1.91 

1.91 

1.91 

1.87 

1.87 

1.46 

1.46 

1.67 
1.75 
1.75 
1.75 
2.04 
2.04 
2.00 
2.00 
1.73 
1.73 
1.73 
1.87 
1.87 
1.75 
1.75 
1.73 
1.73 
1.73 

1.56 

1.48 
1.87 
1.60 

1.46 
1.77 

1.68 
1.97 
1.84 
1.61 
1.62 
1.62 
1.41 

1.57 
1.57 
1.70 

1.49 
1.82 

1.47 
2.23 
2.23 
1.91 

1. ter min. 
per sg. m. 

2.3 

3.5 

4.3 

2.1 

2.7 

4.0 

2.3 

4.0 

5.6 

5.9 

1.5 

2.9 

2.2 

4.8 

3.1 

2.9 

2.7 

2.6 

3.3 
i 2.8 

3.6 

4.4 

2.5 

3.3 

3.1 

■ 3.6 

3.4 

2.6 

3.6 

3.1 

5.1 

5.2 

2.5 

4.3 

3.0 

3.1 

4.6 

4.5 

2.8 

3.7 

4.6 

5.5 

4.6 

3.0 

7.8 

3.5 

3.5 

6.0 

3.6 

3.5 

2.8 

2.3 

2.4 

2.7 

min, 

89 

107 

124 
103 
111 
116 

82 

93 

102 

102 

71 

122 

86 

130 

76 

112* 

120* 

120* 

133 

155 

125 
155 

119 
142 
142 
179 
179 
117 
123 
163 
166 
ISO 

no 

152 

115 

121 

no 

127 

114 

170 

163 

152 

133 
137 

120 

85 

109 

148 

83 

120 

134 
115* 
115* 
120* 

■ Hs 

58 

61 

65 

59 

59 

62 

49 

49 

49 

50 

42 

63 

47 

75 

46 
60* 
63* 
63* 
75 

86 

75 

79 

68 

78 

75 

106 

106 

65 

71 

86 

84 

77 

60 

84 

66 

63 

61 

64 

58 

94 

83 

68 

57 

60 

64 

47 

69 

88 

33 

80 

75 

70* 

70* 

72* 

grams 

26.0 

35.0 1 

45.0 
11.6 

19.8 
26.6 
32:0 

45.0 

65.0 

77.0 

40.3 

34.1 

22.3 

34.0 

45.0 

36.0 

47.0 

47.0 

55.0 

48.0 

40.0 

60.0 

46.5 

35.0 

37.0 

35.9 

32.8 

47.0 

47.0 

33.0 

42.0 

40.0 

43.2 

32.0 

50.3 

31.0 

32.0 

70.0 

34.0 

63.0 

34.6 

52.0 

45.8 

28.4 

44.0 

39.0 

28.0 

35.0 

33.0 

43.0 

29.0 

33.0 

32.0 

49.5 

see, 

.128 

.124 

.126 

.140 

.134 

.140 

.124 

.128 

.124 

.128 

.148 

.154 

.123 

.130 

.168 

.138 

.138 

.135 

.144 

.133 

.137 

.141 

.137 

.124 

.129 

.162 

.158 

.161 

.147 

.120 

.120 

.120 

.166 

.120 

.146 

.148 

.120 

.176 

.168 

.142 

.133 

.131 

.117 

.118 

.154 

.145 

.126 

.143 

.142 

.153 

.132 

.140 

.140 

.152 

Per min. 

81 

75 

75 

103 

97 

97 
107 

94 

90 

90 

70 

82 

100 

96 

78 

62 

54 

57 

60 

62 

78 

60 

51 

60 

52 

71 

81 

54 

60 

64 

65 

60 

65 

78 

62 

60 

78 

65 

75 

73 

98 

75 

71 

43 

103 

70 

84 

90 

72 

63 

60 

79 

70 

66 

I. Per min. 
per SQ. m. 

2.4 

3.4 

4.6 

2.0 

3.4 

4.4 

2.8 

3.7 

5.6 

6.4 

1.8 

2.8 

3.0 

5.6 
'2.5 

2.4 

2.8 

3.1 

3.2 

3.3 

3.3 

4.0 

2.8 

3.0 

2.6 

2.7 

2.9 

2.5 

3.1 

3.4 

4.4 

3.7 

3.0 

4.7 

3.0 

2.3 

4.1 

4.3 

2.5 

5.1 

4.3 

6.0 

5.3 

2.0 

6.2 

2.7 

3.6 

4.2 

2.2 

3.0 

3.0 

2.3 

2.0 

3.2 


* By cuff. 
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Fic. 3. Cardiac Indices Computed from the Ballistic Tracing Plotted against 
THE Values Determined from the Catheter Method for Patients in whom there 
IS No Clinical Evidence of Cardiac Disease 

The limits of ± 25 per cent deviation from the catheter values are shown. 


catheter technique and is subject, therefore,- to any 
iundamental errors -in that method. 

Fifty-four of the observations reported here 
were made on 32 subjects without clinical evidence 
of heart disease. The data on this group are given 
tn Table II. These subjects represent a cross- 
section of the hospital population. They include 
members of the staff, convalescent patients, pa- 
tients with anemia, thyrotoxicosis and shock, and 
normal subjects given albumin and saline intra- 
venously. If the subjects were cooperative, and 
1 the technical procedures were satisfactory, the 
ata were used, regardless of whether or not the 
subject showed evidence of anxiety or appre- 
ension. We are primarily interested in determi- 
ning the relation of the ballistic tracings to the car- 
lac output as measured by the catheter technique 
nn er a variety of conditions, rather than in estab- 


lishing basal values for the cardiac output.' The 
comparison of the cardiac indices as measured by 
the 2 methods is shown for this group of subjects 
in Figure 3. Eighty-seven per cent of the values 
obtained by the ballistic method fall within 25 per 
cent of those by the catheter method. The cor- 
relation coefficient relating the data from the 2 
methods has a value of 0.83. 

Twenty-seven almost simultaneous measure- 
ments were made on a group of 26 patients ivith 
heart disease or myxedema. The data on these 
patients, with diagnosis, are given in Table III. 
The cardiac output as measured by the 2 methods 
did not agree as closely in this group as in the 
group without heart disease. Excepting those pa- 
tients having aortic insufficiency, 60 per cent of 
the ballistic values of tbe patients in this group fell 
within 25 per cent of the catheter values (Figure 
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4), As one might expect on theoretical grounds, 
the patients with aortic insufficiency failed to show 
good correlation between the 2 methods. While 
the ballistic outputs were large, the catheter out- 
puts were small, the difference between the bal- 
listic and the catheter results giving some indica- 
tion of the quantity of blood regurgitated during 
each cardiac cycle. 

With the exception of those patients with aortic 
insufficiency, the cardiac output as calculated from 
the ballistic record fell within 25 per cent of that 
obtained by the catheter method in 80 per cent of 
the cases for the entire group studied. 

Serial measurements were made at various 
stages in the treatment of 5 patients in shock 
(Figure 5). In Figure 6 portions of 4 successive 


ballistic records taken on one such patient are 
shown. All patients had distinct clinical evidence 
of shock. Two (W.T, and M.Z.) were patients 
with hemorrhagic shock from superficial stab 
wounds, one (L.A.) with a penetrating stab wound 
of the chest, one (E.J.) following an operative 
procedure for tuberculous infection of the kidney, 
and one (S.M.) with shock resulting from hemor- 
rhage after drainage of a periurethral abscess. 
All, except one whose arterial pressure was 103/59, 
had systolic blood pressures below 100 mm. Hg at 
the time the initial measurements were made. 
The increase in cardiac output after treatment with 
saline and albumin was shown by both methods 
of measurement, and the agreement between the 
methods was good. In fact it appears that changes 


TABLE m 







m 


Pressure 






Sub- 

Sex 

Age 

Ht. 

wt. 


Pick 



F. 

T. 

HR 

BCG 

' Diagnosis 

ject 

Cl 

D 

pj 

Cl 





■ 







yrs. 


lb. 

sq, vx. 

1. per min. 
Per SQ. m. 

mm 

Hg 

grams 

sec. 

per 

min. 

1. per min. 
per SQ. m. 


P.B. 

F 

25 

4 ' 10 " 


1.30 

3.0 

155 

82 

16.0 

.148 

64 

2.0 

Treated myxedema, dilated heart 

L.W. 

F 

42 

5 ' 4 " 


1.66 

1.9 

100* 

70 * 

24.0 

.140 

65 

1.9 

My.xedema 

A.D. 

F 

70 

5 ' 7 " 

m 

1.55 

5.2 

175 

72 

28.0 

.133 

124 

5.5 

Thyrotoxicosis — auricular fibrilla- 














tion 

M.W. 

F 

45 

5 ' 4 " 

105 

1.48 

4.3 

176 

83 

13.2 

.129 

86 

2.1 

Cardiac enlargement — ? cause 

A.F. 

F 

15 

5 ' 2 " 

' 90 

1.35 

6.0 

123 

57 

39.0 

.138 

62 

3.9 

Sickle cell anemia with cardiac en- 












largement 

M.H. 

F 

39 

5 ' 9 " 

168 

1.91 

2.7 

129 

60 

40.0 

.149 

63 

2.5 

Rheumatoid arthritis — cardiac en- 












largement — ? cause 

l.H. 

F 

33 

5 ' 7 " 

137 

1.71 

3.9 

116 * 

66 * 

41.0 

.116 

106 

6.2 

Rheumatic heart disease with 













mitral stenosis — 5 mo. pregnant 

C.H. 

M 

29 

5 ' 11 " 

168 

1.94 

2.7 

152 

87 

42.0 

.136 

57 

2.8 

Cardiac enlargement — ? cause 

M.W. 

F 

57 

5'5" 

150 

1.75 

1.7 

139 

87 

18.5 

.198 

88 

1.5 

Rheumatic heart disease with mi- 













tral stenosis 

in 

M 

34 

5 ' 10 " 

138 

1.76 

3.1 

106 

45 

61.0 

.179 

58 

2.7 

Rheumatic heart disease with mi- 












tral stenosis 

T.E. 

M 

53 

5 ' 7 " 

137 

1.71 

1.9 

160 * 

65 * 

53.0 

.255 

63 

2.4 

Coarctation of the aorta 

D.M. 

M 

62 

6 ' 

119 

1.70 

1.8 

125 

76 

36.0 

.166 

65 

2.3 

Cor pulmonale — emphysema 

J.M. 

T.S. 

M 

38 

5 ' 2 " 

123 

1.54 

3.5 

105 * 

70 * 

30.0 

■rep] 

73 

3.0 

Cor pulmonale 

M 

54 

5 ' 8 " 

133 

1.71 

2.9 

133 

72 

33.0 

.148 

60 

2.3 

Rheumatic heart disease with mi- 










tral stenosis — auricular fibrilla- 
tion 





J.M. 

J.W. 

F 

42 

5 ' 2 " 

105 

1.45 

2.7 

140 

106 

12.5 

.132 

182 

4.2 

Paroxysmal auricular tachycardia 

M 

30 

5 ' 3 " 

115 

1.52 

2.6 

127 

60 

39.0 

.146 

54 

2.9 

Rheumatic heart disease with mi- 










tral insufficiency 

M D. 

M 

14 

5 ' 4 " 

mm 

1.48 

6.3 

113 

54 

55.6 

.154 

77 

5.3 

Arteriovenous fistula 

J.C. 

J.C. 

J.E. 

W F 

M 

32 

6 ' 1 " 

176 

2.00 

1.9 

135 

60 

128.0 

.168 

88 

9.0 

Aortic insufficiency with failure 

M 

32 

6 ' 1 " 

176 

2.00 

1.7 

131 

56 

96.0 

.191 

78 

5.2 

Aortic insufficiency with failure 

M 

34 

5 ' 11 " 

162 

1.91 

2.9 

165 

58 

55.4 

.162 

56 

3.0 

Aortic insufficiency 

M 

48 

5 ' 11 " 

144 

1.82 

1.9 

168 

78 

54.0 

.215 

92 

3.9 

Aortic insufficiency with failure 

L F 

F 

36 

5 ' 4 " 


1.50 

2.3 

182 

35 

53.7 

.270 

75 

3.2 

Aortic insufficiency with failure 

G H 

M 

57 

5 ' 8 " 

119 

1.64 

4.0 

148 

44 

48.4 

.156 

92 

4.9 

Aortic insufficiency 

A.H. 

F 

62 

S ' 4 " 

117 

1.55 

2.4 

174 

64 

20.0 

.160 

88 

2.4 

Aortic insufficiency — well compen- 













sated 

D T 

F 

27 

5 ' 7 " 

mm 

1.68 

2.0 

210 

63 

66.4 

.149 

76 

7.0 

Aortic insufficiency 

A W 

M 

52 

6 ' 

153 

1.89 

3.0 

175 

43 

123.0 

.160 

73 

8.5 

Aortic insufficiency with failure 

h’.y. 

M 

72 

5 ' 7 " 

159 

1.83 

2.8 

181 

56 

37.7 

.166 

80 

3.2 

Aortic insufficiency 


* By cuff. 
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Fig. 4. The Carpiac Indices from the Ballistic Tracings Plotted 
AGAINST the CaTHETER VALUES FOR AlL SUBJECTS DiACNOSED AS HAVING 

Cardiac Disease or Myxedema 

Those patients having aortic insufficiency are specifically designated by 
open circles. The limits of ± 25 per cent deviation from the catheter values 
are shown. 


m cardiac output for any individual subject were 
ineasured with considerable accuracy by the bal- 
listocardiograph. 

Variations in arterial pressure, heart rate and 
appear to cause no significant variation in the 
relationship between the cardiac index as meas- 
ured by the ballistic method and as determined by 
^e catheter method. This is demonstrated in 
igure 7 where the ratios of the ballistocardio- 
graph values to the catheter values are plotted 
ugainst blood pressure, heart rate, and age. This 
gure includes the patients without heart disease 
(solid dots) and the patients with heart disease 


(open dots), except those patients having aortic 
insufficiency. 

DISCUSSION 

In comparing the ballistocardiographic determin- 
ations of the cardiac output with the method which 
involves right atrial catheterization and the appli- 
cation of the Fide principle, it must be remembered 
that the latter method is a procedure subject to 
considerable error. Although it does not afford 
an ideal standard for comparative studies, it does, 
however, appear to offer the best means avail- 
able. Its limitations have been evaluated in other 
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Fig. 5. Serial Cardiac Index Observations on 5 Patients in Shock and 

With Treatment 

The limits of ± 25 per cent deviation from the catheter values are shown. 


communications from this laboratory (4, 5) . Such 
factors as technical variations in the chemical 
determinations, inadequate sampling of mixed 
blood due to the streaming of the blood within 
the heart, and minute to minute variations of the 
cardiac output account for unavoidable errors, 
which may at times rise as high as d= 25 per cent. 
Moreover, since the computation of the cardiac 
output depends on the arteriovenous difference, 
the effect of errors will be larger when this differ- 
ence is small. These factors should be considered 
in evaluating this comparative study; and be- 
cause of these factors even a perfect ballistocardio- 
graphic method would fail to give excellent cor- 
relation. 

The only other reported study comparing the 
ballistocardiographic method to the catheter tech- 
nique of cardiac output determination is that of 
Cournand et al. (6). These authors used a high 
frequency, undamped ballistocardiograph, and 
found good correlation in relatively normal sub- 


jects. We believe that since our patients repre- 
sent a wider variety of disease conditions, a wider 
variance of the data is to be expected. In a later 
publication (7) these authors reported that they 
were led to discard the high frequency ballisto- 
cardiograph for the patients in, or recovering from, 
shock. This objection to the use of the ballisto- 
cardiograph in the study of shock was not found 
to be applicable to the instrument described in 
the present paper. 

The low frequency, critically-damped ballisto- 
cardiograph offers a remarkably simple and rapid 
method of determining the output of the heart. 
Rapid changes in output may be followed with 
ease, thus permitting studies to be made which 
are not possible by any other method. It is of 
particular value in following the output changes 
in an individual subject such as the studies of pa- 
tients in shock recorded here. The ballistocardio- 
graph, however, is not without disadvantages. As 
was anticipated, our data demonstrate that the 
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SHOCK PATIENT S.M. 


C.l. H.R. B.R 

2.3 107 

4.0 94 

5.6 90 '°^/49 


5.9 90 '° 2/50 

Fig. 6 . Portions of the Successito Ballistic Trac- 
ings AND Some of the Measurements on the Shock 
Patient S. M. of Figure 5 




.■jU 


•ifl 



/M/M 


findings in aortic insufficiency are unrelated to 
the effective output of the heart. Good results 
are difficult or impossible to obtain in patients 
with marked respiratory distress, or those unable 
to hold their breath for even a few seconds. Ex- 
tremely irregular heart rhythms and marked 
tremors might also be mentioned as factors lead- 
ing to results that are unsatisfactory. Finally, in 
some patients, particularly those with myocardial 
disease, we have seen patterns of unusual shape 
that are quite difficult to interpret, 

CONCLUSIONS 

The details of the construction of a low fre- 
quency, critically-damped ballistocardiograph are 
presented in this paper, and the procedures for its 
adjustment to definite physical conditions de- 
scribed. The adjustments enable the reproduction 
of this type of ballistocardiograph to be made 
easily, and permit, without the necessity of fur- 
ther calibration by the catheter method, the use 
of the stroke volume equation tested in this study. 

Eighty-one determinations of the cardiac out- 


put by the method of right heart catheterization 
and by almost simultaneous ballistic records with 
the low frequency, critically-damped balHstocardio- 
graph have been made on a group of 58 normal 
subjects and hospital patients under a variety of 
conditions. From the first 50 of these observa- 
tions on subjects without heart disease, constants 
were derived for use in determining the cardiac 
output from the ballistic record. Applying these 
constants to the entire group of subjects (except 
patients witli aortic insufficiency) the cardiac out- 
put computed by the ballistic method fell rvithin 
25 per cent of that obtained by the catheter 
method in 80 per cent of the cases. 

Fifty-four of these determinations were made on 
subjects without evidence of heart disease, but 
with a variety of other illnesses. Eighty-seven per 
cent of the results by the ballistic method lay 
within 25 per cent of the values by the catheter 
technique. The other twenty-seven patients stud- 
ied had clinical evidence of heart disease or myx- 
edema. For 17 patients in this group, i.e., ex- 
cepting those with aortic insufficiency, the cardiac 
output by the ballistic method was within 25 per 
cent of that by the catheter technique in 60 per 
cent of the cases. Patients with aortic insufficiency 
showed marked discrepancies between the results 
from the ballistocardiograph and from the catheter 
method. As might be expected, the ballistic 
method gave output results which were consider- 
ably higher than those by the other method. 

Serial measurements on patients in shock and 
during recovery showed a good correlation be- 
tween the cardiac output measurements by the 2 
methods. These results suggest that changes in 
cardiac output in any individual subject may be 
measured with considerable accuracy by the bal- 
listocardiograph. 

It is concluded that the low frequency, critically- 
damped ballistocardiograph provides a useful and 
reasonably accurate method of determining cardiac 
output in normal subjects, and in patients with a 
variety of disease conditions. 

We wish to thank Mr. Herman Just of the Department 
of Physiology, Columbia University College of Physicians 
and Surgeons, for his precise work in the construction of 
the ballistic bed, especially the clamps for adjusting the 
spring lengths. Mrs. Jane Bailey, Miss Eloise Cavin, 
Miss Maurine Giese and Miss Lois Jackson gave valuable 
technical assistance. ■ 
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AGE 


Fig. 7. The Ratio of the Ballistocarmograph Cardiac Index and the Pick Cardiac Index 
Plotted Against the Average Blood Pressure, Pa, the Heart Rate, and the Age of the Pa- 
tient 

No significant trend with any of these variables is shown. 
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The concentration of galactose in the blood 
stream at determined intervals after its ingestion 
has been proposed as a clinical test of intestinal 
absorption (1). It is said not only to indicate the 
rate at which galactose is absorbed from the intes- 
tine, but also to be a means of measuring the 
ability with which and the rate at which the in- 
testinal mucosa absorbs various substances b}' the 
mechanism of phosphor}-lation (1 to 4). Some 
workers, finding by this procedure that the thyro- 
toxic patient shows a higher galactose curve than 
does the normal subject, have attributed this re- 
sult to a specific accelerating action on intestinal 
absorption by the thyroid hormone (2 to 5). 

The blood concentration of a substance following 
its ingestion, however, is not dependent solely on 
the capacity of the intestinal mucosa to absorb it. 
First of all, and most important, it is necessary 
to know whether or not, and to what e.xtent, the 
material reaches the absorbing surface, and so is 
available for absorption. The hexoses are ab- 
sorbed chiefly from the duodenum and jejunum 
(6 to 9), and from the stomach only when in hy- 
pertonic solution (10, 9). Consequently, altera- 
tions in gastric and intestinal motility, whether 
due to organic or functional disturbances, may 
profoundly affect the availability of the ingested 
galactose in the absorbing area (6, 29b, 29c), In 
spite of the experimental evidence that glucose and 
galactose orally administered are absorbed at a 
constant rate and independent of their concentra- 
tion (11, 12, 8), this holds true only within certain 
limits (13, 6). When widely varying concentra- 
tions’ of a sugar are introduced directly into the 
intestine the absorption rate is proportional to 
the concentration (15, 29d, 31, 32, 36). 

Secondly, it has been demonstrated in animals 
that irrespective of the actual rate of hexose ab- 
sorption, the concentration in the blood is chiefly 
dependent on metabolic factors (11, 12). In this 


respect the liver is the principal, though not the 
sole, organ involved (14, 15, 19b, 24, 35). He- 
patic d^’sfunction especially has been held respon- 
sible by some authors for the hypergalactemia 
found after the ingestion of that sugar in the 
thyrotoxic patient (29a). Furthermore, in such a 
condition, as well as in cases with various nutri- 
tional, endocrine, and urinary tract disturbances, 
the renal output of the sugar is often altered (16 
to 24, 14, 15). Thus the rate of its excretion con- 
stitutes a third factor that influences the concen- 
tration of galactose in the blood (24, 29e). 

Finally, it has been claimed, as we shall show, 
that the blood concentration of galactose is in 
some way affected by the coincident concentration 
of glucose (15, 16, 20, 21, 25). 

In an attempt to obviate some of these dis- 
turbing factors, tve have employed the absorption 
technique devised by Nicholson and Chornock 
(26), which makes possible over a fixed period 
of time the presence of a known quantity of the 
galactose in a predetermined area of the intestinal 
tract. Thus it measures accurately the availability 
of the galactose for absorption and the actual 
quantity absorbed, and so eliminates the chief fac- 
tors that previously, for the human subject, had 
not been controlled. The other factors, metabolic 
disturbances and excretion through the kidneys, 
have been controlled insofar as possible by the 
selection of the subjects for the experiments. 

SUBJECTS AND METHODS 

For this study, 6 normal persons and 5 patients with 
thyrotoxicosis were employed. The normals were paid 
subjects found to be in good health by historj', physical 
examination, and clinical laboratory studies. Radiological 
examinations of the gastro-intestinal tract and the basal 
metabolic rates were within normal limits. The hyper- 
thyroid subjects exhibited clear-cut clinical pictures of 
thyrotoxicosis, and were patients from the medical wards 
awaiting thyroid surgery. 
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The details of the technique developed by Nicholson 
and Chornock need not be repeated. It involves the in- 
jection of the test solution into the mid-duodenum through 
one lumen of the Miller-Abbott tube (27) and the re- 
moval of the residue from the jejuno-ileal area, 90 cm. 
lower in the tract, through the other lumen. 

The subjects fasted 12 hours (overnight) and on the 
morning of the test day, after getting the apparatus into 
its proper position, which usually required 2 to 3 hours, 
the absorption study was undertaken. The absorption 
period varied from 30 to 90 minutes, and the exact pro- 
cedure was as follows : A 10 per cent solution of galactose 
was allowed to drip into the mid-duodenum via the first 
lumen at a rate of 10 ml. per minute. It was introduced 
by means of a flask with a Murphy drip attachment at a 
hydrostatic pressure of 75 cm. The rate of drip was 
regulated by means of a Hoffman clamp. This concen- 
tration of galactose and the rate of its administration were 
selected after preliminary experiments indicated that they 
gave the most consistent results. 

As soon as the galactose began to flow into the duo- 
denum, aspiration of the succus from the jejunum was 
begun. All of the material aspirated during the experi- 
mental period was collected in flask No. 1 and subse- 
quently analyzed quantitatively for its galactose content. 
By subtracting this unabsorbed quantity, plus the quanti- 
ties obtained in flasks 2, 3, 4 and 5 (the details of col- 
lection of which are outlined below), from the amount 


administered, a calculation of the amount absorbed was 
derived. 

After administering the desired quantity of galactose, 
the absorption period was abruptly terminated by discon- 
tinuing the galactose drip, removing flask No. 1 and in- 
jecting 30 ml. of a 33 per cent solution of magnesium 
sulfate into the duodenum. In each experiment, in order 
to check on the abruptness with which the absorbing pe- 
riod was ended, a 30-minute period of washing the bowel 
with tap water was carried out. Aspiration was con- 
tinued using flasks Nos. 2, 3 and 4 for the collection at 
10-, 20- and 30-minute periods. Each of the specimens 
obtained during this wash period was analyzed for galac- 
tose. The tap water wash was performed in the same 
manner as the galactose was administered. 

As can be seen by reference to Table I, except in speci- 
men No. 2, which immediately followed the magnesium 
sulfate injection, only traces of galactose were present 
after the experimental period, thus indicating that the 
peristaltic rush induced by the magnesium sulfate solution 
was highly effective in abruptly terminating the absorp- 
tion period. The intensity of this peristaltic rush, and 
the completeness with which it cleared the intestinal 
lumen, were confirmed in a few experiments by adding 
vital red in known concentration to the magnesium sulfate 
solution and determining its time of appearance; this was 
from 1 to 3 minutes. Furthermore, it was demonstrated 
that most of the dye and the sugar contained in specimen 


TABLE I 

The absorption of galactose from a 90-cm. segment of the human duodeno-jejunum during its administration 
at a fixed rate into the duodenum in normal and thyrotoxic individuals 



Galactose 
adminis- 
tered in 

10 per cent 


Galactose recovery 



Subject 

Experi- 

mental 

period 

Absorption 

period. 

Following MgSOi injection 

Galactose 

absorbed 

Remarks 


solution 


Spec. 1 

1 

Spec. 2 

Spec. 3 

.Spec. 4 

Spec. 5 



H.M. 

grams 

30.0 

min, 

30 

grams 

9.20 

grams 

0.98 

grams 

0.11 

grams 

0.02 

grams 

0.00 

grams 

19.7 

Control subject 

G.C. 

30.0 

30 

1.60 

2.82 

0.00 1 

0.00 

0.00 

25.6 

Control subject 

M.B. 

30.0 

30 

6.89 

0.82 

0.01 

0.00 

0.00 

22.3 

Control subject 

C.B. 

30.0 

30 

8.53 

3.64 

0.09 

0.00 

0.02 

17.7 

Control subject 

D.N.- 

30.0 

30 

10.23 

4.10 

1 

0.09 

1 

0.00 

0.00 

15.6 

Control subject 

G.C. 

60.0 

60 

22.40 

2.00 

0.20 

0.02 

0.00 

35.4 

Control subject 

M.B. 

60.5 

60 

9.61 

0.72 

0.21 

0.00 

0.06 

50.0 

Control subject 

H.M. 

55.5 

60 

22.80 

2.41 

0.05 

0.01 

0.00 

30.2 

Control subject 

C.B. . 

91.0 

90 

29.47 

3.28 

1.09 

1.02 

0.00 

56.2 

Control subject 

W.J.A. 

30.0 

30 

11.18 

0.79 

0.00 

0.00 

0.10 

17.9 

Thyrotoxic patient 

H.A. 

30.0 

30 

5.60 

4.90 

0.00 

0.00 

0.00 

19.5 

Thyrotoxic patient 

M.T. 

30.0 

30 

8.28 

6.13 

1.53 

0.62 

0.00 

13.4 

Thyrotoxic patient 

D.W. 

30.0 

30 

2.82 

6.53 

0.86 

0.58 

0.01 

19.2 

Thyrotoxic patient 
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TABLE JI 

The absorption of nalaclose from the duodeno-jejunum per square meter of body surface 
per I hour in normal and thyrotoxic individuals 


Subject 


Galactojc 


Inilbls 

Scs/Age 

Heisbt 

WctnUt 

Hody jur- 
fftcc nrcA 

mctn« 
bolic rate 

Adminis- 
tered by 
lube 

Experi- 

mental 

period 

Total 

absorbed 

Amount ab- 
sorbed per 
sq. meter 
per 30 min- 



inehtz 

HinMiiiii 

jff. tmirrs 

ffr etni 

framz 

min. 

zramz 

gramz 

H.M. 

M/29 

65 


1.74 

-18 

30 

30 

19.7 

11.4 





60 

60 

35.8 

10.2 







55.5 

60 

30.2 

8.8 

1 

G.C. 

M/31 

72 

201 

2.12 

-8 

30 

30 

25.6 

12.0 






30 

30 

25.5 

12.1 







60 

60 

35.4 

8.8 

M.B. . 

F/38 

6U 

133 

1.59 


30 

30 

22.3 

msm 





60.5 

60 

50.0 








59.7 

60 

41.9 








30 

30 

24.7 








30 

30 

25.0 

lil 

C.B. 

F/6Q 

61i 

I02i 

1.42 

+3 

30 

30 

17.7 

12.2 




30 

30 

18.7 

13.2 


1 





52.5 

60 

29.1 

10.0 




1 



60 

60 i 

25.5 

9.0 







91 

90 

56.2 

13.2 

D.N. 

■Bl 

66 

126 

1.62 


30 

30 

15.6 

9.6 

S.B. 

F/30 

66 

110 

1.53 


61 

60 

44.4 

14.5 

H.A.* 

F/S6 

60 

125i 

1.52 

+42 

30 

30 

19,5 

12.8 

W.J.A.* 

M/Sl 

65 f 

no 

1.53 

+30 

30 

30 

17.9 

11.8 

M.T.* 

F/49 

67 

106 

1.53 

+30 

30 

30 

13.4 

8.7 

D.W.* 

F/47 

61J 

108 

1.45 

+18 

30 

30 

19.2 

13.2 

L.M.* 

F/30 

72 

137J 

1.81 

+38 

30 

30 

26.1 

14.4 


* Thyrotoxic patient. 


No. 2 appeared within the first S minutes of the 10-minute 
period of aspiration. 

As a further check in every experiment, a fifth speci- 
men (No. S) was collected and analyzed. This consisted 
of the material that could be aspirated from the duo- 
denum and stomach during the time the tube was being 
withdrawn. When any considerable amount of galactose 
was detected in this specimen, the experiment was dis- 
carded. 

The absorption studies were conducted in the beginning 
over periods of 30, 60 and 90 minutes. As these revealed 
the rate of absorption to be fairly constant, a 30-minute 
period was chosen as satisfactory for the experiments 
comparing the results in normal and thyrotoxic patients 
(Tables I and II). 

_ In addition to comparing the rate of galactose absorp- 
tion in normal and hyperthyroid patients by this method, 
blood specimens were drawn at 1- and 2-hour periods 
after beginning the galactose administration, to determine 
the concentration of galactose in the blood stream (Tables 


III and IV). Thus a comparison of the blood galactose 
values of normal and of hyperthyroid individuals was ac- 
complished simultaneously with the measurement of the 
amount of galactose absorbed from the intestine. 

In a small group of experiments, a solution of glucose 
was administered % hour prior to the administration of 
the galactose solution, using the same technique of admin- 
istration as was employed for the galactose. This modi- 
fication of the experiment was employed in order to 
determine what effect this previous administration of 
glucose would have on the absorption of the galactose 
from the intestine, and on the concentration of galactose 
in the blood (Table V). 

In every instance the chemical determinations on the 
blood and succus entericus specimens were conducted 
promptly after their collection. 

Determination of blood galactose. 

The blood specimens were collected in thymolfluoride 
tubes. Haden’s methods for protein precipitation and for 
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TABLE III 

A comparison of the blood galactose coiicentratioji with the 
amount of galactose absorbed during 30- and 60-minute 
experimental periods in normal and thyrotoxic 
individuals 


Subject 

Galac- 

tose 

ad- 

minis- 

tered 

Ex- 

peri- 

mental 

period 

Galac- 

tose 

ab- 

sorbed 

Galac- 
tose ab- 
sorbed 
per sq. 
meter 
per 
i hr. 

Blood galactose 
concentration 

i hour 

1 hour 

2 hours 






mgm. 

mgm. 

mgm. 


grams 

min. 

grams 

grams 

per 

per 

per 






cent 

cent 

cent 

G.C. 

30 

30 

25.5 

12.1 

88 

69 


M.B. 

59.7 

60 

41.9 

13.0 

52 

67 



60 

60 

50.0 

15.6 

52 

66 

9 


30 

30 

24.6 

15.5 

58 

22 


H.M. 

60 

60 

35.8 

10.2 


47 

11 

C.B. 

60 

60 

25.5 

9.0 

37 




52 

60 

-29.1 

10.0 


72 

40 


30 

30 

18.7 

13.2 

42 

29 



22.5* 

30 

21.5 

15.0 

42 

15 



45.0t 

30 

29. 

20.0 

55 

42 


H.A.t 

30 ■ 

30 

19.6 

12.8 

60 

17 


M.T.t 

30 

30 

13.4 

8.7 

10 

18 


W.J.A.t 

30 

30 

17.9 

11.8 

100 

23 


D.W.t 

30 

30 

19.2 

13.2 

16 

17 


L.M.t 

30 

30 

26.1 

14.4 

58 

22 



* 7.5 per cent solution, 
t 15 per cent solution, 
t Thyrotoxic patient. 


the preparation of whole blood filtrates were employed. 
The filtrates were then freed of glucose by means of yeast 
fermentation, by the method of Somogyi. Control tubes 
of glucose and of yeast suspension were simultaneously 
incubated with the blood filtrates. After adequate fer- 
mentation, the filtrates were centrifuged and filtered. 
Tilt concentration of galactose was then determined in 
the filtrate by the method of Benedict, using a Klett- 
Summerson Photoelectric Colorimeter. 

Determination of galactose in sucens enteriens. 

The volume of each sample was measured. To 2 ml. 
of each sample were added 17 ml. of H-O, 0.5 ml. of 10 
per cent ZnSO,, and 0.5 ml. of 0.5 N NaOH. This was 
shaken and filtered. The excess zinc was removed by 
adding a pinch of anhydrous NajCOj, shaking well and 
filtering. In most instances the first 2 samples were 
diluted further, so that the final dilution was 1 to 100. 
Two ml. of each of the diluted samples were then analyzed 
for galactose. 

RESULTS AND DISCUSSION 

This method of studying the absorption of sugar 
from the duodeno-jejunal area was highly satis- 


factory in that it allowed control of the amount, 
concentration and time during which the sugar was 
delivered to a selected area of the intestine.. The 
absorbing or experimental period, furthermore, 
could be abruptly terminated, an accomplishment 
not satisfactorily attained by other methods em- 
ployable in the human subject (Table I). 

Galactose, when given in 10 per cent solution, 
was found to be absorbed at a fairly constant rate 
in the same subject in repeated tests extending 
over intervals of 30, 60 and 90 minutes (Tables I 
and II) and varied between 13.4 and 25.6 grams 
per % hour for the different subjects. Calculating 
the grams absorbed on the basis of body surface 
area per hour gave a closer correlation to serve 
as a basis for comparison in the different individ- 
uals (29d). The rates calculated on this basis 
were found to range from 8.7 to 15.7 grams per 
square metre of body surface per % hour, with an 
average value of 11.2 grams (Tables II and III). 

No differences were observed between the rates 
at which the galactose was absorbed in 6 healthy 
and in 5 thyrotoxic patients, nor was there any 
notable difference in the blood galactose con- 
centration of the 2 groups (Tables III and IV). 

Furthermore, as can be seen by reference to 
Table III, there was no direct correlation between 
the blood galactose concentration and the amount 
of that sugar absorbed during a % hour period of 
its administration. When the administration was 
continued for a full hour, the second or 1-hour 
blood specimen, showed a somewhat higher galac- 
tose concentration than when the galactose was 
instilled for only % hour. The blood galactose 
concentrations obtained during the longer period 
of administration tended to resemble those after 
the oral administration of the sugar (Tables IV 
and V). This provides experimental proof that 
a variation in gastric motility, by increasing or 
decreasing the amount of galactose available for 
absorption, materially alters its concentration in 
the blood, even though the ability to absorb the 
sugar from the duodeno-jejunal area remains con- 
stant. 

In view of these observations, serious doubt 
necessarily arises as to what, if any, value the 
glactose tolerance test has as a means of arriving 
at an index of intestinal absorption. Certainly, 
on the basis of these experiments, it seems value- 
less. 
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TAHLE IV 


A comparison of the blood I’^aJaclosc concentration after its oral administration, and after its 
inira-duodcnal administration in normal and thyrotoxic individuals 


Subject 

Gal.nctofc 

adminis- 

tered 

Mcthtxl of 
adminis- 
Iraiion 

Blood r 

After 
i hour 

il.icto'c concci 

After 

1 hour 

uratlon 

After 

2 hours 

Remarks 

. 


fjans 


mem. /'<T CfKt 

mem. frr cent 

ncm. ter cent 



40 

Oral 

38 

16 

10 

Control subject. Urinary c.\'cretion, 0.68 

G.C. 






gram in 5 hrs. 


30 

Tube 

SS 

69 




40 

Oral 

62 

45 

24 

Control subject. Urinary excretion, 1.5 







grams in 5 hrs. 

M.B. 

60.5 

Tube 

52 

66 

9 



30 

Tube 

58 

22 




40 

Oral 

77 

110 

84 

Control subject. Urinary e.xcretion, 1.07 







grams in 5 hrs. 


22.5 



15 



C.B. 

60 





Urinary e.vcrction, 0.4 gram in 5 hrs. 


30 



29 




45 


55 

42 



L.D. 

40 

Oral 

39 

59 

8 

Control subject 

L.M. 

30 

Tube 

58 

22 


Thyrotoxic patient. Urinary axcretion, 0.58 







gram in 5 hrs. 

\V.J.A. 

40 

Oral 

38 

48 


Thyrotoxic patient 


30 

Tube 

100 

23 



D.W. 

40 

Oral 

20 

37 


Thyrotoxic patient 


30 

Tube 

16 

17 




tion of the galactose in the blood occurred (Table 
V). This effect was not due to any decrease in 
the amount of galactose absorbed, thus indicating 
that the lowered blood concentration resulted from 
some other influence exerted by the glucose. 
These observations confirm those previously made, 
chiefly on experimental animals, -which indicate 
that the metabolism of galactose depends in some 
way on the availability of glucose (20, 25). 

The values obtained by us for the concentration 
of galactose in the blood of normal subjects were 
higher than those reported by Althausen (5), but 
they were of the same order of magnitude as have 
been reported by other observers (28, 29a, 30) . 

CONCLUSIONS 

1. Employing the technique of Nicholson and 
Chomock in a study of the absorption of a 10 per 
cent solution of galactose from the upper human 
intestine, administered at a rate of 10 ml. per 
minute, the rate was found to range from 8.8 to 
15.7 grams per square meter of body surface area 
per % hour, with an average of 11.2 grams. 


When glucose was given % hour prior to the 
administration of galactose, no matter whether the 
2 sugars were administered orally or intra-duo- 
denally, a considerable lowering of the concentra- 

TABLE V 


The effects of the previous administration of glucose on the 
blood galactose concentration in normal subjects 


Subject 

Galac- 

tose 

ad- 

minis- 

tered 

Method 
of ad- 
minis- 
tration 

Galactose 
absorbed per 
sq. meter of 
body surface 
area per 
i hour 

Blood galactose 
concentration 

i hour 

1 hour 

2 hours 





mgm. 

mgm. 

mgm. 




grams 

per 

per 

Per 





cent 

cent 

cent 

G.C. 

40 

Oral 


38 

16 

10 


30 

Tube 1 

12.1 

88 

69 



30* 

Tube 

12.0 


12 


M.B. 

40 

Oral 


62 

45 

24 


30 

Tube 

15.5 

58 

22 



30* 

Tube 

14.2 


17 


C.B. 

40 

Oral 


77 

110 

84 


30* 

Oral 


2 

17 

13 


30 

Tube 

13.2 

42 

29 



30* 

Tube 

12.2 


16 



1 30 grams of glucose -were administered 

3 r before the galactose and by the same route. 
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2. The thyrotoxic patient, under identical con- 
ditions, does not absorb galactose any faster than 
the healthy individual. 

3. The degree of galactemia bears no constant 
relation to the amount of galactose absorbed from 
the intestine in either the normal subject or the 
thyrotoxic patient. 

4. Galactemia may be depressed by the pre- 
vious administration of glucose without any de- 
crease in the absorption of the galactose. This 
tends to provide further evidence to Folin’s, Berg- 
lund’s (20) and Bodansky’s (25) statements that 
the retention and utilization of galactose by the 
body depend to a large extent on the availability 
of glucose and are not due to any decrease in 
absorption of the galactose as was thought to be 
the explanation in animal experiments (11, 12). 
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The role of protein nutrition in the convales- 
cence of surgical patients has been emphasized by 
many authors during the past 15 years, and much 
of this work has recently been ably reviewed by 
Lund (1); The observations of Cuthbertson (2), 
confirmed by Howard and his co-workers (3), 
that fractures of long bones resulted in a marked 
negative nitrogen balance which could not be over- 
come by substantial increases in the protein intake, 
raised certain questions regarding the possible ef- 
fects on nitrogen requirements and nitrogen bal- 
ance of extensive surgical operations. It seemed 
important to know how soon after operation a 
positive nitrogen balance could be re-established, 
and what levels of nitrogen and caloric intake 
would be required to accomplish this. 

Many of the previous concepts of the protein nu- 
trition of surgical patients have been based on 
changes, which were found in the serum protein 
concentration at different periods. It is generally 
acknowledged that the use of such data may lead 
to erroneous conclusions, but they have continued 
to be used by many investigators chiefly because 
of the difficulties in carrying out the more inform- 
ing balance studies. In this project, additional 
technical aid made it possible for us to carry out 
both types of study. Our results indicate that the 
serum protein concentration may, at times, in- 
crease in spite of a negative nitrogen balance dur- 
ing the period of study. 

It has also been possible to compare the effec- 
tiveness of whole protein with various preparations 


1 The work described in this paper was done under a 
contract, recommended by the Committee on Medical 
Research between the Office of Scientific Research and 
Development and the University of Pennsylvania. 


of hydrolyzed protein in the maintenance of the 
patient’s nutrition after an operation on the gastro- 
intestinal tract. 

PROCEDURE 

In selecting patients, we gave preference to young adult 
males, but we did not limit the study to this group. The 
patients selected had usually undergone an extensive sur- 
gical operation, and usually one which interfered, at least 
to some extent, with the ability to eat. Thus, preference 
was given to patients who had had a gastric resection, 
and to neurosurgical patients who had had a craniotomy 
or craniectomy. The latter group will be considered in 
more detail in a separate paper, but the entire series is 
presented in Table I. 

In the gastric cases, Abbott-Rawson tubes were fre- 
quently placed at operation either according to the oro- 
jejunal method of Stengel and Ravdin (4) or according 
to the gastro-jejunal method of Bisgard (5). In the 
craniotomy cases, Levine tubes were often passed into the 
stomach. Some patients in both groups were fed by 
mouth. 

The various types of feeding used may be listed as 
follows : 

1. Food from a metabolic kitchen, either in the form 
of a liquid, soft or full hospital diet. 

2. Amigen (enzymatic digest of casein and pancreas ).2 

3. Amigen and hospital diet. 

4. Lactalbumin hydrolysate.® 

5. Gastrostomy mixture prepared in the following pro- 


portions : 

Skim milk 500 ml. 

Skim milk powder 50 grams 

Cottage cheese 50 grams 

Soybean flour SO grams 

Egg 1 


Preparation of feedings. 

The desired amount of Amigen was dissolved in water 
and either glucose, starch or Dextrimaltose added to make 

2 Amigen powder (Mead Johnson & Co.). 

® Wyeth and Co. 
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Up the predetermined number of calories. In some pa- 
tients the Amigen \\-as given in water, and additional cal- 
ories were furnished by a glucose solution given ititra- 
venously. The volume of solution given by mouth or 
tube was approximately 200 ml. at a single feeding, and 
the frequency of feeding was varied so as to provide the 
total amount of nitrogen and the calories desired in any 
21-hour period. Usually 200 ml. were given every 2 to 3 
hours, l-acfalbumin hydrolysate was administered in the 
same manner as Amigen. The gastrostomy mixture was 
prepared in the laboratory, and carbohydrate was added 
to provide the desired number of calories. 

In the early part of the work the patients were studied 
for 10 days postopcrativcly. It became apparent that the 
usual negative nitrogen balance found following operation 
became a positive balance as the patients began to cat 
larger quantities of food. In the latter part of our work, 
therefore, we limited our nitrogen balance studies to the 
first 5 days of the postoperative period. 

Methods of administration. 

WTien food was given by mouth, it was offered at 
regular hours, and records were kept of the food actually 
ingested. When the patient was on a constant intake, 
the portions not eaten at the regular meal hour, or equiva- 
lent substitutes, were offered between meals. 

When the patient was fed by tube, the feeding was 
administered by the drip method. Small portions (usu- 
ally 200 ml.) were given at intervals of 2 to 3 hours 
throughout the day. When the gastrostomy mixture was 
too thick to run by gravity through small tubes, the feed- 
ings were injected slowly into the tube by syringe. 

Collection of specimens. 

All urine was collected under toluene for 24-hour pe- 
riods throughout the period of study, and sent to the 
laboratory where volume measurements were made. 

Feces were collected in many, but not in all cases; 
but when they were, the patient was given carmine by 
mouth at the beginning of the study and at the end of 
S days. Feces were collected as 24-hour specimens from 
the day of appearance of -the first carmine up to and 
including the day of appearance of the second carmine. 

Vomitus was collected and analyzed for total nitrogen. 
Material obtained by suction drainage was carefully col- 
lected and analyzed. 

Methods of analysis. 

All total nitrogen determinations were done by a semi- 
micro Kjeldahl metliod (6a and b) and nonprotein nitro- 
gen by a colorimetric method using Nessler’s reagent (7). 

amples of Amigen, of lactalbumin hydrolysate, and of 
me gastrostomy mixture were analyzed for nitrogen. 

^“™'®hed as “Hospital Diet” w’as not analyzed in 
me laboratory, but values as given in standard diet tables 
were used (8a and b). Urine was usually diluted 1:50 
or • plasma 1 ; 10, and appropriate samples taken 
ana jsis. Feces were thoroughly mixed by mechanical 


stirring in acidified water, and an appropriate sample 
taken for analysis. 

Hematocrit readings were determined in Sanford- 
Magaih tubes, using heparin as the anticoagulant. 

RESULTS 

Nitrogen balance. 

Table I shows the results of studies on 55 pa- 
tients fed by mouth or tube. The results are ar- 
ranged in order of an increasing nitrogen intake. 
It is evident that : 

1. Thirty-seven (67 per cent) of the 55 patients 
were in negative nitrogen balance for the first 5 
postoperative days ; 5 were in equilibrium,* and 13 
were in positive nitrogen balance. 

2. Of 18 in equilibrium or in positive nitrogen 
balance, 12 fell in the group receiving 0.3 gram of 
nitrogen per kgm., and 30 calories per kgm. or 
more daily. 

S. Of 18 getting 0.3 gram of nitrogen or over, 12 
were in positive nitrogen balance ; 6 were in nega- 
tive nitrogen balance. Of these 6, 3 were on 
low caloric intakes. 

Type of operaiion. 

Most of the patients studied fell into two groups, 
(1) gastric and (2) cranial operation. Dividing 
the patients into these 2 groups failed to show any 
gross difference in the results of feeding on nitro- 
gen balance; i.e., in both groups, most of the pa- 
tients who were in balance received 0.3 gram of 
nitrogen and 30 calories per kgm, daily, or over. 

Age and sex. 

No correlation was found between age or sex of 
patients and their ability to attain nitrogen equil- 
ibrium with comparable nitrogen and caloric in- 
take. 

Nitrogen losses in feces. 

There was considerable variation between pa- 
. tients in the amount of nitrogen excreted in the 
feces. Table II gives figures for the range of ex- 
cretion and average of a number of patients 
grouped according to the method of feeding. 
Those patients who ivere fed by tube into the 
jejunum showed the greatest average loss of ni- 

* If the patient had a daily average nitrogen balance of 
— 1.0 to 0.0, he was considered to be in nitrogen equi- 
librium. 
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TABLE I 


1 



Nitrogen 
per intake 


Nitrogen output 

5 day period 


Nitrogen 

balance 

Patient 

Operation 

Diet 

N per 
kgm. 
daily 

Cal. 

per 

kgm. 

per 

day 

Total 

NS 

days 

Urine 

Feces 

Drain- 

age 

Vomi- 

tus 

Total 

Total 

S days 

Daily 

aver. 

Co. 

Rankin resect. 

Glucose-j-hosp. 

grarns 

0.03 

2 

grams 

10.8 

grams 

41.1 

grams 

5.0* 

grams 

1.3 

grams 

0 

grams 

47.5 

grams 

-36.7 

grams 

- 7.3 

Ca. 

Gastric resect. 

Glucose -j-hosp. 

0.03 

9 

9.7 

32.3 

4.0 

3.7 

0 

40.0 

-30.3 


Fa. 

Gastric resect. 

Hospital 

0.03 

11 

8.0 

45.6 

4.0 

4.7 

0 

54.3 

-46.3 

- 9.3 

Fri. 

Expl. lap. 

Glucose-}- hosp. 

0.03 

14 

10.9 

55.4 

0.7 

0.9 

0 

57.0 

-36,1 

- 7.2 

Fe. 

Gastro-enterost. 

Hospital 

0.04 

20 

8.5 

26.7 

4.0 

1.8 

0 

32.5 

-24.0 

■- 4.8 

Ha. 

Gastric resect. 

Glucose-i-hosp. 

0.05 

15 

12.1 

31.4 

3.0 

8.3 

0 

42.7 

-30.6 

- 6.1 

Le. 

Gastric resect. 

Hospital 

0.08 

13 

28.3 

69.3 

7.5 

2.5 

0 

79.3 

-51.0 


Ri. 

Craniotomy 

Hospital 

0.09 

24 

33.3 

89.3 

1.5 

0 

0 

90.8 

-57.5 

-11.5 

Or. 

Gastric resect. 

Gastrostomy mix. 

0.09 

9 

26.7 

64.5 

16.0 

1.0 

0 

81.5 

-54.8 


Ro. 

Gastric resect. 

Hospital 

0.09 

30 

24.5 

34.3 

5.0* 

0 

0 

39.3 

-14.8 

- 2.9 

Ei. 

Gastric resect. 

Hospital 

0.10 

14 

36.1 

69.8 

5.0* 

0 

0 

74.8 

-38.7 

- 7.7 

Cot. 

Craniotomy 

Hospital 

0.10 

18 

34.7 

73.2 

5.0* 

0 

0 

78.2 

-43.5 

- 8.7 

Wa. 

Gastric resect. 

Hospital 

0.13 

19 

42.0 

62.3 

3.5 

1.0 

0 

66.8 

-24.8 

- 4.9 

Sm. 

Craniotomy 

Hospital 

0.13 

21 

57.2 

68.3 

5.0* 

0 

0 

73.3 

-16.1 

- 3.2 

Ho. 

Craniotomy 

Gastrostomy mix. 

0.14 

20 

41.2 

64.9 

2.0 

0.5 

0 

68.9 

-27.7 

- 5.5 

Jo. 

Craniotomy 

Hospital 

0.14 

22 

40.7 

69.7 

3.5 

0 

0.1 

73.3 

-32.6 

- 6.5 

Th. 

Gastric resect. 

Hospital 

0.14 

22 

64.0 

108.3 

5.0* 

0.5 

0 

113.8 

-49.8 

- 9.9 

Rob. 

Craniotomy 

Hospital 

0.14 

24 

47.1 

49.2 

7.5 

0 

0 

56.7 

- 9.6 

- 1.9 

Lu. 

Thyroidectomy 

Hospital 

0.15 

25 

46.6 

45.5 

2.0 

0 

0.1 

47.6 

- 1.0 


Wo. 

Craniotomy 

Hospital 

0.15 

27 

55.6 

63.1 

6.0 

0 

0 

69.1 

-13.5 

- 2.7 

Ham. 

Expl. lapar. 

Hospital 

0.17 

19 

32,1 

26.4 

5.0 

0 

0 

31.4 

-P 0.7 


Fes. 

Craniectomy 

Glucose-phosp. 

0.17 

21 

45.3. 

83.8 

5.0* 

0 

0 

90.8 

-45.5 

- 9.1 

Wi. 

Craniotomy 

Hospital 

0.17 

29 

34.3 

33.7 

1.5 

0.2 

0 

35.4 

- 1.1 


Bu, 

Craniotomy 

P. K. gastrost. 

0.18 

19 

77.9 

120.0 

5.9 

0 

0 

125.9 

-48.0 

- 9.6 

Brad. 

Gastric resect. 

Hospital 

0.18 

21 

72.5 

142.7 

9.5 

0 

0 

152.2 

-79.7 

-15.9 

■ Ma. 

Gastric resect. 

Hospital 

0.18 

23 

42.9 

37.3 

6.0 

1.3 

0 

44.6 

- 1.7 


De. 

Gastric resect. 

Hospital 

0.18 

30 

50.0 

57.2 

17.5 

0.1 

0 

74.8 

-24.8 

- 4.9 

War. 

Expl. lapar. 

Amtgen-f hosp. 

0.19 

25 

53.0 

57.0 

7.0 

1.3 

0 

65.3 

-12.3 

- 2.4 

Ga.§ 

Gastric resect. 

Amigen 

0.19 

22 

57.1 

44.6 

16.5t 

3.4 

0 

64.5 

- 7.4 

- 1.6 

Me, 

Gastro-enterost. 

Amigen 

0.20 

22 

54.3 

51.2 

16.5t 

6.6 

1.6 

75.9 

-21.6 

- 4.3 

Mar. 

Gastric resect. 

Hospital 

0.21 

21 

91.0 

114.7 

3.6 

14.5 

0 

132.8 

-41.8 

- 8.3 

Len. 

Craniotomy 

P, K. gastrost. 

0.22 

20 

60.8 

131.8 

1.7 

0 

0 

133.5 

-62.7 


Fu. 

Craniotomy 

Gastrostomy mix. 

0.22 

31 

51.0 

72.2 

25.0 

0.7 

0 

97.9 

-46.9 

- 9.3 

Th.T. 

Craniotomy 

Amigen-f-hosp. 

0.24 

31 

77.6 

99.2 

5.5 

1.4 

0 

106.1 

-28.5 

- 5.7 

Be. 

Craniotomy ■ 

Amigen 

0.27 

•26 

78.7 

56.9 

7.0t 

0 

1.4 

65.3 

+ 13.4 

+ 2.6 

Sc. 

Ca. esophagus 

Gastrostomy mix. 

0.27 

32 

58.5 

55.3 

6.2 

0 

0 

61.3 

- 2.8 


Po. 

Gastrostomy 

Gastrostomy mix. 

0.28 

31 

64.5 

56.2 

16.5t 

0 

0 

72.7 

- 8.2 

- 1.6 

Do. 

Pit. explor. 

Amigen-Hhosp. 

0.30 

30 

109.5 

101.9 

4.0 

0.3 

0 

106.2 

+ 3.3 


Fo. 

Gastric resect. 

Lactalbumin 

0.30 

31 

87.0 


14.4 

17.3 

0 

99.7 

-12.7 

- 2.5 

Sm.E. 

Craniotomy 

Lactalbumin 

0.30 

32 

99.0 

ilfcllll 

7.0t 

0 

0 

120.0 

-21.0 

- 4.2 

Br. 

Cranioplasty 

Amigen -p hosp. 

0.30 

33 

88.2 

Inyll 

7.0 

0 

0 

77.1 

+ 11.1 

+ 2.2 

Cl. 

Gastric resect. 

Amigen 

0.30 

33 

75.0 

55.5 

9.5 

4.6 

0 

69.6 

+ 5.4 


Cu. 

Craniotomy 

Amigen 

0.30 

34 

59.7 

74.5 

0.1 

0.4 

0 

75.0 

-15.3 


Ga. 

Craniotomy 

Amigen 

0.30 

34 

100.0 

76.2 

0.5 

0 

4.7 

81.4 

+ 18.6 

+ 3.7 

Ch, 

Gastro-enterost. 

Lactalbumin 

0.30 

36 


41.1 

7.5 

5.5 

0 

54.1 

+ 16.4 

+ 3.2 

Ba. 

Gastric resect. 

Lactalbumin 

0.30 

37 


63.8 

20.5 

6.8 

0 

91.1 

+ 10.4 


To. 

Gastro-enterost. 

Gastrostomy mix. 

0.34 

34 

73.6 

41.9 

8.9 

18.0 

0 

68.8 

+ 4.8 


Ar. 

Gastric resect. 

Amigen 

0.39 

21 

123.2 

106.8 

22.8 

7.4 

0.3 

137.3 

-14.1 

- 2.9 

Smi. 

Gastrectomy 

Gastrostomy mix. 

0.39 

32 

98.8 

57.5 

30.0 

4.5 

0 

92.0 

+ 6.8 

+ 1.3 

Bra. 

Gastrectomy 

Amigen 

0.46 

32 

137.8 

65.1 

10.0 

55.5 

0 

130.6 

+ 7.2 

+ 1.4 

St. ■ 

Gastro-enterost. 

Amigen 

0.46 

35 

117.6 

102.5 

9.0 

8.0 

0 

119.5 

- 1.9 


Ro. 

Expl. lapar. 

Amigen -phosp. 

0.47 

46 


78.2 

6.0 

0 

0.2 

84.4 

+21.6 

+ 4.3 

No. 

Craniotomy 

Amigen 

0.58 

16 


162.6 

20.0 

0 

0 

182.6 

-32.6 

- 6.5 

T .n. 

Gastric resect. 

Amigen 

0.59 

11 


163.3 

25.0 

6.5 

0 

194.8 

-14.8 

- 2.9 

Bru. 

Gastro-enterost. 

Gastrostomy mix. 

0.63 

35 



25.0 

4.6 

0 

134.8 

+25.2 



* Theoretical amount of 5.0 grams of nitrogen added to output for 5 days for fecal nitrogen not determined, 
t Theoretical amount of 7.0 grams of nitrogen added to output for 5 days for fecal nimogen not determined. 
J Theoretical amount of 16.5 grams of nitrogen added to output for 5 days for fecal nitrogen not determined, 
§ Jejunal feeding. 
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TABLE n 
Fecal nitrogen 




D.illy nitrogen output 

Tj-pc of feeding 

patients 

Maxi- 

mum 

Mini- 

mum 

Mean 



p-ams 

trams 

trams 

By mouth — 

Hospital diet 

18 

1.5 

0.1 

1.0 

By tube into stomach — 
Hydrolyzed protein 
or hydrolyzed pro- 
tein plus hospital diet 

12 

25.0 

0.1 

i 

1.4 

By lube into jejunum — 
Hydrolyzed protein 
or whole protein as 
liquid feeding 

13 

25.0 

6.2 

3.3 


trogen in the feces, and likewise the greatest vari- 
ation in fecal nitrogen excretion was found in those 
fed by tube, into either the stomach or jejunum. 
The mean figures given in Table II were used in 
calculating balances in the cases where fecal nitro- 
gen was not actually determined. The mean values 
for excretion of fecal nitrogen when food is given 
by mouth or by tube into the stomach agree with 
those given by Reifenstein, Albright and Wells 

( 9 ). 

Plasma protciits. 

Because of the close relationship between hypo- 
proteinemia and certain postoperative surgical 
complications (10 to 12), we were interested in 
studying the plasma protein concentration of surg- 
ical patients on various dietary regimes, but found 
that there was no significant correlation between 
the food intake and changes in plasma protein 
concentration, nor between nitrogen balance and 
changes in plasma protein concentration in this 
series of patients. 

DISCUSSION 

From the results obtained, it is apparent that 
surgical patients after operation require a larger 
intake of nitrogen to maintain positive nitrogen 
balance than has been recommended for normal 
individuals. Sherman (13) gives figures of 0.1 
gram of nitrogen per kgm., and approximately 35 
calories per kgm. for 1 normal individual. Rose 
nnd MacLeod (14) in a study of 4 normal active 
I'omen found that 0.5 gram of protein (0.08 gram 
n nitrogen), and approximately 40 calories per 


kgm. daily, were sufficient. Mueller, Fickas and 
Cox (15), using an Amigen supplement to a 
basal diet, were able to produce considerable 
diminution in the amount of negative nitrogen 
balance in 4 normal men, and even to get positive 
balance in 2, giving 0.1 gram of nitrogen per kgm., 
and 26 to 28 calories per kgm. dail}'. The only 
nitrogen figures for normal individuals which ap- 
proach the level found necessar}^ by us for the im- 
mediate postoperative period are the amounts rec- 
ommended by Howe (16) or the United States 
Army (men on moderate activity), 107.0 grams 
of protein and approximately 3,500 calories (for 
a 65 kgm. person this is 0.26 gram of nitrogen per 
kgm., and 53 calories per kgm. daily). 

The increased nitrogen loss following trauma 
has been e.xtensively studied in fractures of long 
bones (2, 3) and in burns (17, 18). Similar data 
for patients undergoing other types of surgical 
treatment, such as gastric or cranial operations, 
are meager. Ariel and his associates (19) have 
reported hypoproteinemia following operation for 
cancer of the gastro-intestinal tract. Elman (20) 
has frequently written of the poor state of nu- 
trition of surgical patients, and reported on the use 
of hydrolyzed casein intravenously in the correction 
of hypoproteinemia in patients undergoing surgi- 
cal operation. Mulholland, Co Tui et al (21) de- 
scribed the results obtained in 4 carefully studied 
postoperative gastric cases who received h5'dro- 
lyzed casein as the source of nitrogen, together 
with 4 controls. Co Tui, Wright, Mulholland 
el al (22) reported studies on 19 postgastrectomy 
cases, of whom 8 on a high nitrogen, high caloric 
intake were in positive nitrogen balance. Brun- 
schwig (23), in a series of 41 patients under- 
going various types of operation, found that nega- 
tive nitrogen balances were present in the majority 
of them. The dietary regimen of Brunschwig’s 
patients was similar to that of many of our pa- 
tients (Table II) and is the common one of intra- 
venous fluids (usually saline or glucose solutions) 
followed by liquids by mouth on the third or 
fourth postoperative day, and soft to regular ward 
diet thereafter. 

From these previously reported studies, it is not 
possible to determine the minimum level of nitro- 
gen intake required to maintain the patient in ni- 
trogen equilibrium. In our series 0.30 gram of 
nitrogen and 30 calories per kgm. daily proved to 
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be a level at which we could expect to have most 
patients in positive nitrogen 'balance in the early 
postoperative period. The relation between ni- 
trogen intake and total calories was, in part, arbi- 
trary. We recognize that it may have been possible 
to decrease the nitrogen level with a concurrent 
increase in caloric intake and still keep the patient 
in nitrogen equilibrium. While nitrogen intake has 
probably been more neglected in the management 
of surgical patients than caloric intake, the latter 
must not be allowed to fall too low. This is borne 
out by the data in Table I from 2 patients who had 
high nitrogen but low caloric intakes. It is 
interesting to note that in the cases reported by 
other workers (21, 22), where calculations can be 
made, and where the period of study is the same 
in relation to day of operation as in our studies, 
the amounts of nitrogen and the total calories with 
which they achieved positive nitrogen balance 
were well above the minimum effective level found 
in our studies. 

It is clear from Table I that there are marked 
individual differences in the nitrogen excretion of 
patients on about the same nitrogen and caloric 
intake. Undoubtedly this is affected by anes- 
thesia, the extent of operation, the degree of 
trauma, the previous nutritional history of the pa- 
tient, the degree of postoperative pyrexia and many 
other factors. It, however, seemed useful to deter- 
mine approximately the amount of food required 
to keep the majority of patients in balance after 
gastric and intracranial operations. 

A criterion frequently used as a measure of the 
effectiveness of procedures intended to correct 
protein deficiencies in surgical patients is the con- 
centration of plasma or serum protein. Our re- 
sults indicate that plasma protein concentration 
may be misleading as an index of whether or not 
the patient is overcoming excessive nitrogen loss. 
In some instances, although the concentrations 
(corrected for change in hematocrit) were in- 
creased, the patients were in negative nitrogen 
balance. 

In this study, hydrolyzed protein was found to 
be just as effective as whole protein in maintaining 
nitrogen balance. 

A real difficulty in the forced feeding of patients 
in the early postoperative period is the -frequency 
with which vomiting, diarrhea or distention fol- 
lows such a program. Usually it was possible to 


overcome these obstacles by symptomatic treat- 
ment, but occasionally it was necessary to abandon 
the intended regimen. It is quite possible that 
intravenous feeding, rather than mouth feeding, 
may have a place of special importance in main- 
taining the nutrition of the patient in the first 48 
to 72 hours after operation. 

It should be emphasized that this study is con- 
cerned mainly with types of patients which are 
apt to present nutritional problems before and 
after operation. It is recognized that such patients 
represent a small minority of all general surgical 
patients, and it is not the intention of the authors 
to suggest that the forced feeding methods de- 
scribed are indicated for the majority of surgical 
patients. 

CONCLUSIONS 

1. Surgical patients after gastric or cranial 
operations were usually in negative nitrogen bal- 
ance for the first 5 postoperative days on the die- 
tary regimen customarily followed in this clinic. 

2. Surgical patients undergoing gastric or cra- 
nial operations require a greater intake of dietary 
nitrogen and of total calories than do normal indi- 
viduals to keep them in nitrogen equilibrium for 
the first 5 postoperative days. 

3. By increasing the nitrogen intake to 0.30 gram 
per kgm., and the caloric intake to 30 calories per 
kgm. daily, or over, patients fed by mouth or 
Abbott-Rawson tube were usually maintained in 
nitrogen equilibrium. 

4. Hydrolyzed protein in the form of a casein 
hydrolysate, combined with carbohydrate, was 
equally as effective as whole protein when ad- 
ministered by the same routes. 

5. The variations in fecal nitrogen were large, 
and they are an important part of the nitrogen bal- 
ance study of patients in the early postoperative 
period, especially when tube feedings are used. 

6. The plasma or serum protein concentrations 

were not an accurate index of the effect of a nutri- 
tional regimen on nitrogen equilibrium in post- 
operative patients. ' 
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In a previous communication from this clinic 
(1), three metabolic studies on the effect of es- 
tradiol benzoate on the calcium and phosphorus 
metabolisms of patients with post-menopausal 
osteoporosis were published in abstract form. 
The first objective of the present paper is to re- 
port these studies in detail, supplemented by 2 ad- 
ditional studies: one in which testosterone pro- 
pionate by itself, and in combination with estradiol 
benzoate, was used; and another in which di- 
ethylstilbestrol by itself, and in combination with 
progesterone, was employed. The subject of the 


1 The expense of these studies was defrayed by grants 
from the Josiah Macy, Jr. Foundation, from, the Rocke- 
feller Foundation, and from the National Research Coun- 
cil (Committee for Research in the Problems of Sex). 
A bed supported by the Mallinckrodt Qiemical Company 
on the Metabolic Ward was used for part of these studies. 

2 Presented in part at the twenty-sixth annual meeting 
of the Association for the Study of Internal Secretions, 
Atlantic City, New Jersey, June 8, 1942, in connection 
with a symposium on “Relation of Endocrines to Skeletal 
Development”; an outline of this presentation may be 
found in: Reifenstein, E. C., Jr.; Albright, F,; Parson, 
W. ; and Bloomberg, E. : The effect of estradiol benzoate 
and of testosterone propionate and of combinations of 
both on post-menopausal osteoporosis and senile osteo- 
porosis, Endocrinology, 30: S1024 (1942). Also pre- 
sented in part at the first annual meeting of the American 
Federation for Clinical Research, Minneapolis, Minn., 
April 20, 1942. Preliminary reports of part of these data 
may be found in: Albright, F.; Reifenstein, E. C, Jr.; 
and Forbes, A. P. : Conferehces on the Metabolic Aspects 
of Convalescence (Including Bone and Wound Healing), 
Transactions of the First Meeting, Sept. 11-12, 1942, 
pages 5-7, 37-38; Transactions of the Second Meeting, 
December 11-12, 1942, pages 69, 96-98; Transactions of 
the Third Meeting, March 12-13, 1943, pages 63-65; and 
Transactions of the Fourth Meeting, June 11—12, 1943, 
pages 77-85. Transactions distributed by the Josiah 
Macy, Jr. Foundation, New York, N. Y. 

3 The work described in this paper was done in part 
under a contract, recommended by the Committee on 
Medical Research, between the Office of Scientific Re- 
search and Development and the Massachusetts General 
Hospital. 


last investigation had, in addition to post-meno- 
pausal osteoporosis, Paget’s disease. 

The second objective is to publish metabolic 
studies on the effect of testosterone propionate 
alone and in combination with estradiol benzoate 
in a male patient with senile osteoporosis. 

The third objective is to present studies on 3 pa- 
tients with the acute osteoporotic process which 
follows orthopedic operations, and the effect of 
estradiol benzoate on this process in 2 of these 
subjects. 

In another previous communication from this 
clinic (2), metabolic studies of the effect of es- 
tradiol benzoate, testosterone propionate, and 
progesterone on 3 patients with Cushing’s syn- 
drome were reported. The fourth objective is to 
present these data more completely in graphic 
form, and especially to rectify an unwarranted 
conclusion as to the effect of estrogen on the cal- 
cium balance. 

DEFINITION OF OSTEOPOROSIS 

Osteoporosis is not synonymous with demineral- 
ization of bone; it is that category of too-little- 
bone where the primary disturbance is lack of bone 
matrix formation. It is not to be confused with 
osteomalacia, where the primary disturbance is 
failure of mineralization of bone, or with osteitis 
fibrosa generalisata, where the primary disturb- 
ance is increased bone destruction. For further 
discussion, see (1, 3, 4). 

CONDITIONS ASSOCIATED WITH OSTEOPOROSIS 

In clinical medicine one encounters the following 
conditions associated with osteoporosis: {!) dis- 
use atrophy, where the normal stimulus to osteo- 
blastic activity is absent (4, 5) ; (2) old age, where 
the bone tissue like other tissue (cf. hair, skin, 
muscles) atrophies; (3) malnutrition, where the 
protein requirements are not fulfilled, and the 
bone matrix, like other tissues, is depleted; (4) 
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Data for case 1 {F.F., M.G.H. 156453') 
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Dietary intake of periods 1 to 30 in amounts per 24 hours: protein (anaiyzed nitrogen X 6.25) = 43.1 grams, fat (estimated from tables) = 85.0 grams, carbohydrate 
(estimated from tables) = 212.8 grams, calories (calculated from the values 4 for 1 gram of protein, 9 for 1 gram of fat, and 4 for 1 gram of carbohydrate) = 1,809. In addi- 
tion sugar was given nd Jib, with an average intake of 30 grams (120 calories), 

* initial .weight 51.14 kgm. 

** Continued for 6 months. 
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Cushing’s syndrome wlicrc, we believe, an excess 
of the adrenal cortical “sugar" or “S" hormone 
inhibits anabolism of protoplasm including hone 
matrix (2, 6) ; (5) adaptation syndrome of Selyc 
(7), where, we believe, the pathological physi- 
olog)* is the same as in Cushing’s syndrome ; (d) 
idiopathic osteoporosis, where the cause of the 
condition remains obscure; (7) acromegaly, 
where the cause may be the increase of pituitary 
hormone(s), or the secondary lack of gonadal 
hormones (S) ; and (S) the post-menopausal 
state, the commonest of all forms, where the diffi- 
culty is a deficienc}' in estrogen to stimulate the 
osteoblasts. Frequently 2 or more factors com- 
bine in one individual ; thus, after an orthopedic 
operation (see Cases 7, 8, and 9, below) factors 
(1) and (5) probably both play a part. 


JIETABOLIC STUDIES 

For the methods emploj'cd in the accumulation, inter- 
pretation and presentation of these data, see (9). Case 
histories are abstracted in the appendi-x. 


A. Post-mcfwpausal osteoporosis 
Case 1. Post-Menopausal Osteoporosis; Artificial 
lilenopause; Estradiol Benzoate Therapy. 

The metabolic data of Case 1 are shown in Figure 1 
and Table I. The first part of the study, conducted in 
5-day periods, consisted of; (i) three control periods; 
(2) five periods with estradiol benzoate 1.66 mgm. intra- 
muscularly every 3 days; (3) twenty-three days with the 
same therapy at home; (4) two periods with the same 
therapy; ( 5 ) ^wo periods with progesterone 10 mgm. in- 
tramuscularly daily in addition to the estradiol; and (6) 
twelve periods after the cessation of both medications. 

he patient was then discharged on estrogen therapy 
which was given continuously in varied dosage during 
t e next 3 years ; during this interval she was brought 
ac ' to the metabolic ward for study (1 to 3 five-day 
periods) on 3 occasions. 

The data (Figure 1) are self-explanatory. Attention 
s ould be called to; (J) nitrogen, phosphorus, and cal- 
cium equilibria during the control periods (1 to 3) ; (2) 
h high serum phosphorus level which tended to fall 


under estrogen therapy (less marked in this case than in 
the others [vide infra]) ; (3) the slight improvement in 
nitrogen balance under estrogen therapy; (4) the strik- 
ing and growing decrease in calcium excretion, both fecal 
and urinary, with estrogen treatment and the gradual 
return (40 days) in calcium excretion to pre-treatment 
levels following cessation of estrogen therapy; (5) a de- 
crease with estrogen treatment in the phosphorus excre- 
tion almost entirely confined to the urinary component, 
and reasonably proportional to the changes in the calcium 
and nitrogen metabolisms (see “Theoretical Nitrogen 
Balance”) ; (6) failure of the scrum phosphatase level, 
the index of osteoblastic activity, to rise under estrogen 
therapy; (7) an increase in nitrogen, but not in calcium 
and phosphorus, excretions in periods 11 and 12 with pro- 
gesterone therapy; and (3) the tendency to retain extra- 
cellular fluids with estradiol therapy, as suggested by the 
increase in tlie actual weight above the theoretical weight. 

The apparent discrepancy in the effect of estrogen on 
the calcium and phosphorus balances during periods 26 
and 27 is probably to be explained by erroneously high 
fecal excretions resulting from too short a period of 
observation (9). 

Case 2. Post-Menopausal Osteoporosis; Physiological 
Menopause; Question of Superimposed Atrophy of Dis- 
use; Estradiol Benzoate Therapy. 

The metabolic data of Case 2 are shown in Figure 2 
and Table II. The study, conducted in S-day periods, 
consisted of: (1) five control periods; (2) thirteen pe- 
riods during which the patient received estradiol benzoate 
3.32 mgm. intramuscularly every other day. In addition, 
during the 3 periods 14, 15, and 16, testosterone propionate 
25 mgm. were administered intramuscularly every other 
day. 

The data in Case 2 confirm the main observations made 
on Case 1. The fall in the serum phosphorus level after 
estradiol medication was more pronounced than in Case 
1, and in addition there was a fall in the serum calcium 
level. Again the serum phosphatase level failed to rise 
with the improvement in the calcium balance. The dura- 
tion of the testosterone propionate therapy was too short 
to judge its effect on the calcium balance; it brought 
about the expected increase in the nitrogen retention and 
rise in the urinary 17-ketosteroid excretion. The theo- 
retical nitrogen balance based on the phosphorus balance 
after it had been corrected for the calcium balance agrees 
quite well with the measured nitrogen balance. 


Calcium, Phosphorus, and Alkaline Phosphatase Levels, and on 
Body Weight in a Female Patient with Post-Menopausal Osteo- 
porosis 

For discussion, see text. 

The dotted line in the nitrogen metabolism data represents the “theoretical 
nitrogen balance.” The fecal nitrogen was estimated as 10 per cent of the 
intake. The fecal calcium and phosphorus values as charted are averages 
of 1, 2, 3, or 4 five-day periods as follows: 1 through 3, 4 through 5, 6 
through 8, 9 through 10, 11 through 12, 13 through 16, 17 through 20, 21 
through 24, 25, 26 through 27, 28 through 30; the individual values are 
given in Table I. 
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Fig. 2. Case 2 (E. P., M.G.H. 203S40) : Effect of 
Estradiol Benzoate and Testosterone Propionate on 


Case 3. Post-Menopausal Osteoporosis; Artificial 
Menopause; Estradiol Benzoate Therapy. 

The metabolic data of Case 3 are shown in Figure 3 
and Table III. The study, conducted in S-day periods, 
consisted of: (i) four control periods; (2) nine periods 
in which 1.66 mgm. of estradiol benzoate were admin- 
istered intramuscularly every 3 days; (3) ninety-three 
days at home on the same medication; (4) five periods 
on the same medication; (5) seven periods during which 
the estradiol dosage was doubled; and (<5) five control 
periods of medication. During period 10 the patient was 
given in addition 10 mgm. of progesterone intramuscularly 
each day. 

It will be noted in Figure 3 that the improvement in 
the calcium balance in this case following estradiol ther- 
apy was almost entirely due to the fall in the urinary 
calcium excretion. It is further suggested that the posi- 
tive calcium balance tends to diminish with time (compare 
periods 14 to 18 with periods 11 to 13). Note, further- 
more, that the calcium balance was not improved, and 
possibly reduced, when estradiol therapy was doubled in 
periods 19 through 25. The fall in the serum phosphorus 
level with medication was especially striking in this case. 
The actual weight was greater than the theoretical weight 
during the therapy, which suggests retention of extra- 
cellular fluids. 

Case 4. Post-Menopausal Osteoporosis ; Artificial 
Menopause; Methyl Testosterone, Estradiol Benzoate 
and Pregnenolone Therapy. 

The metabolic data of Case 4 are given in Figure 4 
and Table IV. The study, conducted in 6-day periods, 
consisted of: (J) four control periods; (2) four periods 
on methyl testosterone, 40 mgm. by mouth daily ; (3) five 
periods in which 1.66 mgm. of estradiol benzoate daily by 
injection were added to the methyl testosterone therapy; 

(4) five periods back on the methyl testosterone therapy 
alone; (5) four more control periods off medication; 
(6) three periods on pregnenolone, 30 mgm. intramuscu- 
larly daily; (7) four more control periods off medication; 

(5) five periods back on methyl testosterone, 40 mgm. by 
mouth daily with a change in the nitrogen and phos- 
phorus intakes during the last 3 of these; and (9) one final 
period where the methyl testosterone therapy was increased 
to 100 mgm. by mouth daily. The urinary determina- 
tions were made on 3-day periods throughout. 

In Figure 4 it should be noted first that the theo- 
retical nitrogen balance is consistently less than the actual 


Nitrogen, Phosphorus, and Calcium Balances, on 
Serum Calcium, Phosphorus, and Alkaline Phos- 
phatase Levels, on Body Weight and on Urinary 
17-Ketosteroid Excretion 

For discussion, see text. 

The fecal nitrogen was estimated as 10 per cent of the 
intake. The fecal phosphorus and calcium values as 
charted are averages of 2, 3, 4, or 5 five-day periods as 
follows: 1 through S, 6 through 9, 10 through 13, 14 
through 16, 17 through 18; the individual values are 
given in Table II. 


TABLE II 

Data for case 2 (E.P., M.G.H. 2035‘{0\ 
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Fig. 3. Case 3 (A. M. R., M.G.H. 29358) ; Effect of Estradiol 
Benzoate on Nitrogen, Phosphorus, and Calcium Balances, on 
Serum Calcium, Phosphorus, and Alkaline Phosphatase Levels, 
AND on Body Weight in a Female Patient with Post-Meno- 
pausal Osteoporosis 

For discussion, see text. 
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Fig. 4. Case 4 (R. W., M.G.H. 319940) : Effect of Methyl Testosterone Alone and in Combina- 
tion WITH Estradiol Benzoate, and of Pregnenolone on Nitrogen, Phosphorus, and Calcium Bal- 
ances, ON Serum Calcium, Phosphorus, and Alkaline Phosphatase Levels, on Body Weight, and 
ON Urinary 17-Ketosteroid Excretion in a Female Patient with Post-Menopausal Osteoporosis 

For discussion, see text. 


nitrogen balance, which indicates that there is some con- and the discrepancy would have been cut down, had we 
stant error throughout. Part of the error may be in the used the value of 1.283 grams per 24 hours, the average 

fecal nitrogen excretion which was not analyzed, but fecal nitrogen value for adults regardless of intake (9). 

taken as 10 per cent of the nitrogen intake. In the ab- The major part of the discrepancy is probably to be 

sence of analyzed values, it would have been preferable, attributed to errors in the intakes. The daily diet was 
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Date 

2/ 3 to 5/42 

2/ 6 to 8/42 

2/ 9 to 11/42 
2/12 to 14/42 
2/15 to 17/42 
2/18 to 20/42 
2/21 to 23/42 
2/24 to 26/42 

2/27 to 3/1/42 

3/ 2 to 4/42 

3/ 5 to 7/42 

3/ 8 to 10/42 
3/11 to 13/42 
3/14 to 16/42 

3/17 to 19/42 
3/20 to 22/42 
3/23 to 25/42 
3/26 to 28/42 
3/29 to 31/42 

4/ 1 to 3/42 

4/ 4 to 6/42 

4/ 7 to 9/42 

4/10 to 12/42 
4/13 to 15/42 
4/16 to 18/42 
4/19 to 21/42 
’ 4/22 to 24/42 
4/25 to 27/42 
4/28 to 30/42 

5/ 1 to 3/42 

5/ 4 to 6/42 
i 5/ 7 to 9/42 

5/10 to 12/42 
5/13 to 15/42 

5/16/42 
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Dietary^ intake of periods 1 to 31 in amounts per 24 hours: protein (analyzed nitrogen X 6.25) = 52.5 grams, fat (estimated from tables) = 63.5 grams, carbo- 
hydrate (estimated from tables) = 207.5 grams, calories (calculated from the values 4 for 1 gram of protein, 9 for 1 gram of fat, and 4 for 1 gram of carbohydrate) 
= 1,611; periods 32 to 33: protein = 63.7 grams, fat = 51.3 gram, carbohydrate = 197.9 gram, calories = 1,508; periods 34 to 35; protein 86.9 grams, fat = 61.1 
grams, carbohydrate = 178.7 grams, calories = 1,612. In addition throughout sugar was given ad lib, with an average intake of 30 grams (120 calories). 
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analyzed twice with the following results: analysis Oc- 
tober 1941 : calcium 71 nigni., phosphorus 584 mgm., and 
nitrogen 9.31 grams ; analysis Fcbmary 2, 1944 : calcium 
64 mgm., phosphorus 611 mgm., and nitrogen 8.40 grams. 
Figure 4 was constructed from the analysis of 1941 ; had 
it been constructed from the analysis of 1944, the dis- 
crepancy would have been almost eliminated. Thus, if 
one recalculates on the basis of the 1944 analysis the 
theoretical nitrogen balance of period 4b, and in addition 
uses the value of 1283 grams for the fecal nitrogen in- 
stead of 10 per cent of the intake, one obtains the values 
+ 0.63 and +0.45 grams for the theoretical and actual 
nitrogen balances, respectively, in contrast to the values 
of +0.18 and + 1.71 grams. Since the above discrepancy 
is fairly constant, it docs not affect the trends induced 
by treatment. 

Figure 4 is self-explanatory. To be noted are; (J) tlie 
decrease in tlie nitrogen, phosphorus, and calcium ex- 
cretions with methyl testosterone therapy, and the re- • 
bound of nitrogen and phosphorus excretions on cessa- 
tion of therapy; (2) the fact that the fecal, as well as the 
urinary, excretions of both calcium and phosphorus were 
reduced under methyl testosterone tlierapy; (i) the fact 
that there was not an Immediate rebound of the calcium 
excretion following cessation of methyl testosterone 
therapy; {4) the further improvement in the calcium 
balance, but not in the nitrogen balance, when estradiol 
benzoate therapy was added to the methyl testosterone 
therapy (periods 9 to 13) ; (5) the fall in serum phos- 
phorus level with methyl testosterone and especially with 
estradiol benzoate therapy; (d) the definite tendency of 
the serum calcium level to parallel the serum phosphorus 
level (see also Figure 2) ; and (7) the failure of the 
serum phosphatase level to show a significant change. 
The effect of the pregnenolone therapy is inconclusive; 
It did not significantly affect the very low 17-ketos- 
teroid excretion. No explanation is forthcoming in pe- 
riods 29 and 30 for the low fecal calcium excretions not 
associated with low nitrogen and phosphorus excretions ; 
as a result, the data during periods 30 through 36 are 
difficult to interpret. The actual and theoretical weight 
cuives suggest that there was retention of extracellular 
fluid with methyl testosterone therapy which was aug- 
mented when estradiol benzoate therapy was added. 
Pregnenolone therapy had a minimal effect on extracel- 
lular fluid retention. 

Case 5. Post-Menopausal Osteoporosis ; Artificial Men- 
opause; Paget's Disease; Diethylstilbestrol and Proges- 
terone Therapy. 

The metabolic data of Case S are given in Figure 5 
and Table V. The study, conducted in 6-day periods, 
consisted of; (i) three control periods; (2) five periods 
°n 1 mgm. of diethylstilbestrol by mouth daily; (3) seven 
periods on IS mgm. of diethylstilbestrol by mouth daily, 
with an increase in the diet in the last 3 of these; (4) 
SD: periods with the same dosage of diethylstilbestrol in 
which progesterone by injection was given in addition (25 
mgm. daily for the first 4 of these periods, and 100 mgm. 


daily for the last 2) ; and (5) three periods on 15 mgm. 
of diethylstilbestrol daily alone. 

This patient was selected for the study not only be- 
cause she had marked osteoporosis from an artificial 
menopause 30 years before, but because she had, in ad- 
dition, Paget's disease. The primary pathologic process 
of the Paget's disease, bone destruction, was not being 
responded to with the usual amount of increased bone 
formation because of the menopause (4). Therefore, it 
was thought that any action of estrogen to stimulate bone 
formation would be magnified in this patient. 

Figure 5 is self-explanatory. To be noted are: (I) the 
markedly negative calcium and phosphorus balances dur- 
ing the control periods; (2) the marked improvement of 
these balances with 1 mgm. of diethylstilbestrol daily; (3) 
the further improvement with 15 mgm. of diethylstilbestrol 
daily; (4) the lack of effect of progesterone on the cal- 
cium and phosphorus balances; (5) the high serum phos- 
phorus before treatment; (6) the tendency of the serum 
phosphorus to fall during treatment; (7) the failure of 
the serum phosphatase to rise with improvement of the 
calcium balance; (3) the tendency of the 17-keto5teroid 
excretion to rise with progesterone ; (9) the failure o'f the 
‘Tl-oxysteroid” excretion to fluctuate outside of the 
normal range with therapy; (JO) the striking fall ® in 
the urinary follicle-stimulating hormone (FSH) excre- 
tion with diethylstilbestrol therapy; and (JJ) the subse- 
quent rise in the FSH excretion when progesterone 
therapy was superimposed on the diethylstilbestrol therapy. 
The increase in the positive nitrogen balance and the in- 
crease in weight during periods 22 to 24 may be indi- 
cations that progesterone was acting unfavorably on the 
nitrogen balance (12). Not explained is the rise in 
FSH excretion in periods 23 and 24. 

B. Senile osteoporosis 

Case 6. Senile Osteoporosis in a Male of 72; Testos- 
terone Propionate and Estradiol Benzoate Therapy. 

The r'letabolic data of Case 6, which comprise studies 
done on 290 of 530 consecutive days, are shown in Figure 
6 and Table VI. The study, conducted in 5-day periods, 
consisted of: (J) five control periods;' (2) five periods 
on testosterone propionate, 25 mgm. by injection daily; 
(3) five periods in which estradiol benzoate 1.66 mgm. 
by injection on alternate days vras added to the testos- 
terone propionate therapy; (4) five periods back on 
testosterone propionate alone; (5) seven control periods 
off all medication; (6) five periods on estradiol benzoate 
1.66 mgm. by injection twice daily; (7) ten days without 
collections on the same medication; (3) two more pe- 
riods on the same medication; (9) ninety-three days at 
home on estradiol benzoate 3.32 mgm. by injection 3 times 

* These observations were carried out by Dr. Nathan 
B. Talbot with his method (10). The normal range is 
0.10 to 0.35 mgm. per 24 hours. 

® The level fell from 200-300 units per day to less than 
6 units per day. Normal range of FSH excretion is 6 to 
SO mouse units per day (11). 
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Fig. S. Case S (S. B., M.G.H. 430664) : Effect of Diethylstilbestrol Alone 
and in Combination with Progesterone on Nitrogen, Phosphorus, and Cal- 
cium Balances, on Serum Calcium, Phosphorus, and Alkaline Phosphatase 
Lei'els, on Body Weight, and on Urinary 17-Ketosteroid, “11-Oxysteroid,” 
and Follicle-Stimulating Hormone Excretion in a Female Patient with 
PoST-JtfENOPAUSAL OsTEOPOROSIS AND PaGET’s DisEASE 

For discussion, see text. 









table V 

Data for case 5 (JS.B., M.GJI* 430664) 
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Diefary_ intake of periods 1 to 12 in amounts per 24 hours: protein (analyzed nitropen X 6.25) = 61.4 grams, fat (estimates! from tables) = 67.1 grams, carbo- 
hydrate (estimated from tables) ■= 125.1 grams, calorics (calculated from the values 4 for 1 gram of protein, 9 for 1 gram of fat, and 4 for 1 gram of carbohydrate) 
= 1,350; periods 13 to 24: protein = 71.2 grams, fat = 69.4 grams, carbohydrate = 173.4 grams, calorics = 1,603. 



TABLE VI 

Data for case 6 {M.H., M.G.H. 278511) 
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carbohydrate) = 1,611; periods 46 to Si: protein = 108.6 grams, fat = 73.8 grams, carbohydrate = 221.0 gm., calories = 1,983, In addition throughout sugar 
was given ad lib, with an average intake of 30 grams (120 calories). 



Fig. 6. Case 6 (M. H., M.G.H. 278511) : Effect of Testosterone Propionate Alone and in 
Combination with Estradiol Benzoate and vice versa on Nitrogen, Phosphorus, and Cal- 
cium Balances, on Serum Calcium, Phosphorus, and Alkaline Phosphatase Levels, on Body 
Weight, and on Urinary 17-Ketosteroid Excretion in a Male Patient with Senile Osteo- 
porosis 

For discussion, see text. 
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a week; {10) five periods on the same therapy; {11) 
nine periods in which testosterone propionate 25 mgm, in- 
tramuscularly daily was added to the estradiol benzoate 
therapy, during the last 3 of which periods the intakes of 
nitrogen and phosphorus were markedly increased; (J2) 
three periods on the same diet and the same estradiol 
benzoate therapy but off testosterone propionate therapy; 
{13) ninety-one days at home on the same estradiol 
benzoate therapy; {14) three periods on the original diet 
without change in the estradiol therapy; (15) forty-three 
days at home off all medication; and finally {16) four 
control periods on the original diet without medication. 

Figure 6 is sclf-c.\planatorj'. The observations as a 
whole confirm those noted in Cases 1 to 4 with post- 
menopausal osteoporosis. 

Again, as in Case 4, the theoretical nitrogen balance 
as charted is consistently less positive than the actual ni- 
trogen balance which suggests some constant error. 
This discrepancy is probably to be attributed to errors 
in the intakes and to estimation of the fecal nitrogen as 
10 per cent of the nitrogen intake (see discussion under 
Case 4). Case 6 received the same diet as Case 4; this 
diet was analyzed twice with the results given in the 
discussion under Case 4. Figure 6 was constructed from 
the analysis of 1941 ; had it been constructed from the 
analysis of 1944, as is Table V, the discrepancy would 
have been almost eliminated. Thus, if one recalculates on 
the basis of the 1944 analysis, the theoretical nitrogen bal- 
ance of period 5, and in addition uses the value of 1.283 
grams for the fecal nitrogen instead of 10 per cent of 
the intake, one obtains the values -h 0.87 and + 1.30 grams 
for the theoretical and actual nitrogen balances, re- 
spectively, in contrast to the values of + 0.41 and -h 2.21 
grams. As was pointed out in connection with Case 4, 
since the above discrepancy is fairly constant, it does not 
affect the trends induced by treatment. 

To be noted especially in Figure 6 are : {!) the marked 
reduction in nitrogen, phosphorus, and calcium excretions 
with testosterone therapy; (2) the lack of rebound in 
the calcium excretion as opposed to nitrogen and phos- 
phorus following cessation of testosterone therapy; {3) 
the further reduction in the phosphorus and especially in 
the calcium excretion, but not in the nitrogen excretion, 
when estradiol benzoate therapy was added to testosterone 
propionate therapy (periods 16 to 20) ; {4) the improve- 
ment in all 3 balances when testosterone propionate was 
added to estradiol benzoate therapy (periods 40 to 45) ; 
(5) reduction in the fecal as well as the urinary calcium 
and phosphorus excretions by both testosterone propionate 
and estradiol benzoate therapy; {6) the effect of both 
testosterone propionate and estradiol benzoate therapy in 
lowering the serum phosphorus level; (7) the failure of 
marked increases in the nitrogen and phosphorus bal- 


ciUM, Phosphorus, and Alkaline Phosphatase Lev- 
els; Weight; and Urinary 17-Ketosteeoid Excretion 
IN A Female Patient with Osteoporotic Process In- 
duced BY Operation and iMMOBn-izATioN 

For discussion, see text. 


TABLE VU 

Data for case ^ {E.S., M.G.H. 360207) 


EDWARD C. REIFENSTEIN, JR., AND FULLER ALBRIGHT 
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anccs by increased diet to affect the calcium balance (pe- 
riods 46 , 47 , 48) : { 8 ) the absence of any significant 
ebange in the scrum phospbatasc and calcium levels; (9) 
the fall in the urinary 17-ketosteroid level with estradiol 
benzoate therapy ; and { 10 ) the tendency to accumulate ex- 
tracellular fluid during both testosterone propionate and 
estradiol benzoate therapy as suggested by the theoretical 
weight curves, with a prompt loss following the cessation 
of therapy. 

C. Osteoporosis resulting front disuse and/or 
adaptation syndrome 

Case 7. "Normal” Female; Effect of Orthopedic Op- 
eration; No Specific Therapy. 

The metabolic data of Case 7 are showm in Figure 7 
and Table VII. Throughout the entire experiment the 
patient was on a constant, neutral-ash, low calcium diet, 
except for the immediate post-operative period. She was 
up and active during the pre-operative period, and im- 
mobilized in a cast from the foot to the hip after operation. 
She underwent an arthrodesis of the right foot on the sec- 
ond day of period 5 ; there were no analyses for metabolic 
data during periods 5 and 6, but the 17-ketosteroid ex- 
cretion was followed. 

During the 4 control periods the patient was in nega- 
tive calcium and phosphorus balance; the former was of 
the order of magnitude one would expect with patients on 
this diet (13). As expected, there was a marked increase 
in the calcium excretion after the operation, which per- 
sisted unabated to the end of the investigation (58 days 
after the operation) (14). The increase in calcium ex- 
cretion was not entirely in the urine. The 17-ketosteroid 
excretion was normal pre-operatively, which confirms the 
contention that she was not debilitated; it rose immedi- 
ately after operation, and then fell decidedly below the 
preoperative level for about 20 days. The pattern of re- 
sponse was thus similar to that encountered following any 
traumatizing event (15). The marked elevation in 17- 
ketosteroid excretion in period 11 coincided with the pa- 
tient being allowed up in a wheel chair (16). 

Periods 7 through 14 in this untreated case serve as a 
control for similar studies in Cases 8 and 9, who received 
estradiol therapy during the post-operative period (Figure 
10 ). 

Case 8. Multiple Traumatic Fractures with Operative 
Reduction of One in a Previously “Normal” Male; Ef- 
fect of Estradiol Benzoate Therapy. 

The metabolic data of Case 8 are shown in Figure 8 
and Table VIII. The study, conducted in 3-day periods, 
consisted of; (I) six control periods; ( 2 ) six periods 
in which 1.66 mgm. of estradiol benzoate was given 

Calcium Balances; on Serum Calcium, Phosphorus, 
AND Alkaline Phosphatase Levels ; and on Urinarv 
17-Retosteeoid Excretion in a Male Patient with 
Osteoporotic Process Induced bv Multiple Fractures, 
Operation,, and Immobilization 

For discussion, see text. 



TABLE VIII 

Data for case 8 (H.D., iM.G.H. 382395) 
Fracture 11 1 15 142 
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Fig. 9. Case 9 (C. M., U.G.K. 348774) : Effect of 
tSTRADioL Benzoate on Nitrogen, Phosphorus, and 


daily by injection; and (J) six post-treatment control 
periods. .The stool periods were analyzed 2 at a time. 

Figure 8 is self-explanatory. The most important ob- 
servations concern the calcium metabolism: these are 
better shown in Figure 10 and will be discussed below. 
Again, there was a fall in the serum phosphorus, and, if 
anything, a fall in the scrum phosphatase. Of interest 
is the fall in 17-kctosteroids in period 13, followed by the 
rise in urinarj- nitrogen, phosphorus, and calcium in pe- 
riod 14; we believe these to be connected though unex- 
plained phenomena. 

Case 9. Bone Grafting Operation in an Ununited Fe- 
mur of an Otherwise “Normal” Male; Effect of Es- 
tradiol Benzoate Therapy. 

The metabolic data of Case 9 are shown in Figure 9 
and Table IX. The study, conducted in 3-day periods,' 
consisted of: (J) six control periods; (2) six periods 
in which 1.66 mgm. of estradiol benzoate was given daily 
by injection ; and (3) six post-treatment control periods. 
The stool periods were analyzed 2 at a time. 

Figure 9 is self-e.xplanatory. The theoretical nitrogen 
balance shows a constant deviation from the measured ni- 
trogen balance which suggests some constant error 
(vide supra). The calcium data, as in Case 8, are better 
shown in Figure 10, and will be discussed below. It should 
be noted that the serum phosphorus in this case, as op- 
posed to all of the other cases, did not fall during estradiol 
therapy. The 17-ketosteroid excretion showed a ten- 
dency to fall during the estradiol benzoate therapy, which 
is also somewhat suggested in Figure 7. 

Further analysis of calcium data of Cases 7, 8, and 9 

In Figure 10 the calcium data of Cases 8 and 9 with 
estradiol benzoate therapy are compared with those of 
Case 7 without such therapy. It is quite clear that es- 
tradiol benzoate therapy resulted in a decrease in the 
urinary calcium excretion, but had little effect on the 
fecal calcium excretion during the 18 days of adminis- 
tration. However, the tendency for the fecal calcium to 
decrease in Case 9 after the therapy was stopped may well 
have been a delayed response to the therapy. The urinary 
citric acid values carried out and interpreted by Dr. 
Ephraim Shorr confirm his finding (17) of a rise during 
estrogen therapy. 

D. Osteoporosis of Cushing’s syndrome 

Case 10. Cushing’s Syndrome; Nephrolithiasis; Es- 
tradiol Benzoate and Testosterone Propionate Therapy. 

The metabolic data of Case 10 are shown in graphic 
form in Figure 11. For data in tabular form for periods 

CALauM Balances; on Serum Calcium, Phosphorus, 
AND Alkaline Phosphatase Levels; on Urinary 17- 
Retosteroid Excretiox and on Weight in a Male 
Patient with Osteoporotic Process Induced by Op- 
eration AND Immobilization 

For discussion, see text. 


Data for case 9 (C.ilf., M.G.H. 348774) 
Operated 11I28I4Z 


EDWARD C. REIFENSTEIN, JR., AND FULLER ALMRIGIIT 


Treatment 

Estradiol 

benzoate 

(i.m.) 

ouoM 

//jcp 

•ujSui pp-J 

ouoM 

itrogen X 6.25) = 67.9 grams, fat (estimated from tables) = 57.2 grams, carbo- 
s 4: for 1 gram of protein, 9 for 1 gram of fat, and 4 for I gram of carbohydrate) 

Serum 

asciuiidBoi[tI 

aunc^lV 

B.U. 

5.5 

3.6 

4.0 

5.1 

3.5 

5.8 

1 

CN q qc\ 
to to ’■ten 

snroi|dsoiij 

r IDO ml. 
3.8 

3.S 

4.2 

4.4 

4.0 

4.2 

q q qvo 
-■r CN tn^ 

uin!D{C3 

O W 

E -• o 

E 

11.0 

Il.O 

10.8 

b« b» p 

d ^ d — * 

pouatl 

JO .tL'd 

1-^ 

M M 

*-< ►*< t-H 

^ 

I 

I 

I 

in 

i 

Bpiojaisojari-il | 

/Licuirn 

^ n^qooq 
•> oe\i^ocvf4 

K 

qt^t^fottjq 

dCM^Ob»0 

bjqnb’jb^b} 

dj^ONOo 


mgm. p 
1045 
1192 
1120 
1221 
1120 
1150 

i-iOOtOfN 

O'tOOOCN 

4-* to CO b» «-i 

1691 

1555 

1275 

1151 

1272 

Body weight 

icaiiaroaiix 

OCOlOO«<'«-' 

qqf^q»o-? 
»*) 1*5 ro 

e . ' 

to O M o 
to q CN q>o 
to to to rOCN CN 
totototototo , 

fO 4P b* b* DO to 
q «-« q q q r*2 

(NCN<-«*-<-^*-4 

totototototo 

^pojnscDj^ 

*** ev e\ 

q q 

tfi to 

53.63 

53.92 

53.60 

to 

q 

to 

d 

o 

aoucirq 

IT^poioaqx 

•^ooi-^r^Oco 
qcjf^r^wq 
<si cl ^ c4 <-* 
++++++ 

Pt to «>< w rob* 

q q q O to •*• 
CN CN « CN*- 
+++++ 1 

to pN to CN ■-*• 
qqqqqq 
dddo-^ro 
111)++ 

1 

aoircicg 

^ 00C'4»^tO«*O 

^ itiiii 

to to 0 » to 4-* O' 

CO O' *J» to b* CN 

©oddd*-* 

•4* CO to 00 too 
OlOb-COtOO 

I I 1 M + 

1 

% 


^ 1 


Dietary intake of periods 1 to 18 in amounts per 24 hours: protein (analyzed ni 
hydrate (estimated from tables) = 210.1 grams, calories (calculated from the value 
= 1,627. 

* Initial weight 54.06 kgm. 

a^Bjoj 

*2 t*» 

S qqeoqqq 
g 000*0 0 0 

b* b* t*. I*. 1*. b*. 

COCO CO 00 CO CO 

o o d d d d 

■ b*b*b*b*b*b* i 

' eoccoocoeceo , 
dddddd 

AlCUUfl 

o 00 1 >» *0 '*!• 

qq'Oo'jqt^ 
00 C^ Ov Ov Cv Ct 

lOtOPv^oO^^* 
q « CN q q q 
' cbobddd*- 
1 ^ ^ 

1 

CN40*-\p*tCC 

coqqqqb* 

d^^^dec 

cn 

2 

O 

o 

cn 

O 

A 

aoirejug 

otovr** c^i O' 
00*0-^ ^ 

^++1 1 t 1 

CN CN 40 b* CO to 
CN to CN — CO 

'++1+1 7 

CN-fO^OOb. 
m 4a"44"'4* CN ^ 

^ ^ 

1 1 1 1 1 + 

37IB5UI 

?! tototntotnto 
''J o ooo o o 

K COOQCOOOCOCO 

V 

totototototo 

oooooo 

00 00 CO CO DO CO 

totototototo 

oooooo 

OQ-CO 00 00 CQ 00 

teaaji 

ji '0'00\0s'0'0 
t: O'O'O'OfOfO 
to •H^C^CSCSCS 

F 

CO 00 Pv p4 toto 
to to O 40 Cv On 

CN CN CN CN CN CN 

P P> b* b* On 0\ 

40 to to to to »o 

CN CN CN CN *-i 4-t 

jOEnufi 

ooroobcoro 
fO to CN CO 00 •-* 

to 40 to to o 

ioiocnonco»o 

CN-^'0»-CN0v 

totototototo 

00 O "’f b* 00 p 

40 DO P P OCQ 

o *o tp o »o ^ 

Calcium 

aotrej^g 

lo CO ^ 

CNCNCOCOCOfO 

. 1 M 1 i I 

u 

to to On too to 
Ob* to to ^ 
tOCNCNCNCNCN 

1 1 1 I 1 1 

tot© O CN P 4-4 
OCNO’-tO'O 

CN CN CN CN 4-( 

1 1 1 M 1 


tototofototo 

V 

to to to to to to 
b* b-* b* b* b“ 

^ 

fomcnenentn 

b- b* b- b- b- b* 
tH »H »<4 *"4 


^ CN Cl to to -H 

6 OvOkt^r^'O'O 
td »-« CN CN CN CN 

CO 00 *4* rj4 to to 
b«b-toto' 0'0 

CN CN CN CN CN CN 

' O Ob-b* 
totocncnb»b* 

CN CN CN CN *-• *- 

Xrenupi 

tOb**^C»0\b» 

tO'O^tOCNCN 

CNCNCNCNCNCN 

eo-tcocNOo^ 

P* b* to to •'4* CN 

W *H •-« ^ 

b-oomtotob» 

CN Tf Tb to to »o 

^ 4— 4M ^ 


to to CO CO to 
to Tj* 'tj* Tj* ^ 

1/23 to 25/43 
1/26 to 28/43 
1/29 to 31/43 

2/ 1 to 3/43 

2/ 4 to 7/43 

2/ 8 to 10/43 

cncnmcofncn 

Date 

1/ 3 to 7/4 
1/ 8 to 10/ 
1/11 to 13/ 
1/14 to 16/ 
1/17 to 19/ 
1/20 to 22 

m’*o p'cN to 00 

4-H w CN CN CN 

O O O O O O 

^ <«> '*■4 ■*■» 

4-f -e* b* o cn 40 

4-4 .-l^^CN 

^CNCNCNCNCN 

J9qmnn poH9«J 

wcNtO'^tOVO 

b*C0pNO*-'CN 

^ *“4 

tO'!' to 'Ob* CO 

4^ ^ ^ WH 









5-DAY PDBODS 


Fig. 11. Case 10 (B. V., M.G.H. 74372) ; Effect of Estradiol Benzoate and Testosterone Propionate on Nitro- 
gen, Phosphorus, and Calcium Balances, and on Serum Calcium, Phosphorus and Alkaline Phosphatase in a 
Female Patient with Osteoporosis due to Cushing’s Syndrome 

For discussion, see text. 

• At the bottom of the chart, the urinary calcium is shown separately on an enlarged scale. 


1 through 33, see (2). The study covers 37 five-day 
periods obtained on 4 hospital admissions. Two diets 
were used ; one for periods 1 through 14, and a second for 
periods 15 through 37. The nitrogen intake shown in 
Figure 11 for periods 17 through 33 is an analyzed value, 
and ‘differs from that previously published which was 
taken from a table. The data in Figure 11 are self-ex- 
planatory. It should first be noted that the phosphorus 
balance corresponds reasonably well with the sum of the 
nitrogen and calcium balances during the last 23 pe- 
riods, but not the first 14. This suggests some constant 


error in the first 14 periods, probably the value for the 
nitrogen intake. A more detailed analysis to emphasize 
the close agreement between the nitrogen, potassium, 
phosphorus, and sulphur balances of periods 15 through 
33 has already been published (9). Although Albright 
et al (2) concluded from these studies that estrogen was 
without beneficial effect, this was true with respect to 
the nitrogen balance but not altogether true with respect to 
the calcium balance. Thus, with the larger dose of es- 
tradiol benzoate in periods 13 to 14 there is an increase, 
probably significant, in the calcium balance. Further- 
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more, when estradiol benzoate was added to testosterone 
propionate therapy in periods 30 through 33, there was 
a further fall in the urlnarj* calcium excretion and an in- 
crease in the positive calcium balance. Other obsen’ations 
to be underlined in Figure 11 are: (1) the marked de- 
crease in the urinary nitrogen, phosphorus, and calcium 
e.\cretions with testosterone propionate therapy; (2) the 
marked rise in the scrum phosphatase level when the in- 
crease in calcium balance became appreciable (see pe- 
riods 30 tlirough 33). WTicrcas Figure II suggested that 
insulin had a marked effect on calcium balance (sec pe- 
riods 28 and 29) the authors are inclined to discount this 
because of the essentially negative result in a second pa- 
tient with Cushing’s syndrome so treated (18). 

Case 11. Cushing’s Syndrome with Osteoporosis; Es- 
tradiol Benzoate, Testosterone Propionate, and Methyl 
Testosterone Therapy. 

The metabolic data on Case 11 arc shown in graphic 
form in Figure 12. For data in tabular form for periods 
I through 36, see (2). The study covers 55 five-day 
periods obtained on 6 hospital admissions. The data in 
Figure 12 are self-explanatory. It should first be noted 
that the phosphorus balance corresponds reasonably well 
with the sura of the nitrogen and calcium balances 
throughout. As in Case 10, one cannot conclude, as did 
Albright, et al (2), that estrogen therapy is without 
beneficial effect It was started before the metabolic 
study was initiated ; so its initial effect is hard to evaluate 
(see periods 1 through 7) ; however, further studies 
undertaken 35 days after omitting estrogen show that the 
calcium balance has changed from positive to negative 
(compare periods 8 and 9 with 6). Other points to be 
noted in Figure 12 are: (I) the lowering of the urinary 
nitrogen, phosphorus, and calcium excretions with testo- 
sterone propionate therapy (periods 10 through 18, and 
23 through 36) and with methyl testosterone therapy 
(periods 50 through 55) ; (2) the fact that the fecal 
phosphorus and calcium excretions were also lowered with 
these 2 testosterone compounds; (3) the quick rebound 
m the nitrogen and phosphorus and not the calcium metab- 
olisms on cessation of testosterone propionate therapy (see 
periods 19 through 22) ; (4) the steady improvement in 
calcium metabolism with continued administration of 
testosterone propionate therapy; (5) the elevation of the 
se^m phosphatase with improvement in the calcium 
balance ; and (6) the rise in the serum phosphorus level 
ollowing omission of estradiol benzoate therapy in pe- 
nod 6. The marked improvement in calcium balance 
m periods 29 through 36 is probably to be attributed to 
continued^ testosterone propionate therapy, but the initia- 
_tion of vitamin D therapy in period 29 makes the exact 
interpretation difficult. Dehydroisoandrosterone acetate 
m periods 42 to 46 did not prevent the rebound in nitro- 
gen and phosphorus metabolisms from omission of testos- 
terone propionate therapy. 

Case 12. Cushing’s Syndrome with Osteoporosis ; 

rogesterone and Testosterone Propionate Therapy. 

The^ membolic data of Case 12 are shomi in graphic 
orm in Figure 13. For data in tabular form, see (2). 


The study, conducted in 5-day periods, consisted of: (I) 
five control periods; (2) seven periods on progesterone 
therapy, 25 mgm. per day; and (3) four periods on testos- 
terone propionate therapy, 25 mgm. intramuscularly per 
day. 

The data in Figure 13 are self-explanatory'. As pointed 
out by Albright, cl al (2), the progesterone therapy, if 
anything, had a slightly beneficial effect on nitrogen, 
pliospliorus, and calcium. The effect was not nearly so 
marked as that obtained in periods 13 to 16 with testos- 
terone propionate tlicrapy. Of interest is the rise in the 
alkaline phosphatase level in period 16, when the calcium 
balance became appreciable. It should be noted that the 
17-kctoslcroid excretion was not lowered by progesterone 
or elevated by testosterone propionate; the latter finding 
is surprising, and not in agreement with other studies. . 

CERTAIN THERAPEUTIC ASPECTS CONCERNING POST- 
MENOPAUSAL OSTEOPOROSIS 

A large number of cases, many complicated by 
fractures, have been treated tvith estrogens alone 
and in combination with testosterone compounds 
during the past 5 years. As a group, these pa- 
tients have responded very satisfactorily. Within 
weeks to months, the pain in the spine and other 
bones usually has been considerably or completely 
eliminated. There has frequently been an in- 
crease in weight, apparently an increase in the 
thickness of the skin and an improvement in the 
general well-being Whereas the study is impos- 
sible to control, we have the impression that frac- 
tures, especially of the hip, in old ladies have re- 
sponded better than they would have otherwise. 
However, in spite of these favorable clinical mani- 
festations, it has been difficult to produce xm- 
disputed evidence that the bones (excluding frac- 
ture-sites) as visualized by x-ray have become 
more calcified than before the therapy was in- 
stituted. Nevertheless, the recent films of several 
of the longest-treated cases are fairly convincing. 

Dosages have ranged as follows: diethylstil- 
bestrol 0.5 to 1 mgm. daily p.o,, estrone sulfate ® 
2.50 to 3.75 mgm. daily p.o., estradiol benzoate 
1.66 to 3.32 mgm. 3 times a week i.m., and es- 
tradiol dipropionate 5 mgm. weekly i.m. A few 
patients have been treated by implantation of pel- 
lets. Excessive estrogenic effect on the endo- 
metrium has been controlled whenever a respon- 
sive uterus was present, by interrupting the es- 
trogenic therapy periodically (every 4 to 6 weeks 

® Conjugated equine estrogens (Premarin [Ayerst, Mc- 
Kenna and Harrison]). 
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Fig. 12. Case 11 (R. B., M.G.H. 3397) ; Effect of Estradiol Benzoate, Testosterone Propionate 
AND Methyl Testosterone on Nitrogen, Phosphorus, and Calcium Balances; and on Serum Calcium, 
Phosphorus, and Alkaline Phosphatase in a Female Patient with Osteoporosis due to Cushing's 
Syndrome 

For discussion, see text. 


for 1 to 2 weeks), or by administering at regular 
intervals (every 4 to 6 weeks) a course of proges- 
terone (5 mgm. daily i.m. for 5 days) or of an- 
hydro-hydroxyprogesterone (40 to 60 mgm. daily 
p.o. for 5 days). Testosterone compounds can- 


not be given in most patients with the impunity 
suggested from Case 4; she was remarkably free 
from the masculinizing effect of such medication. 
Most women will not tolerate more than 300 mgm. 
per month of androgen. We have given methyl 
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testosterone 10 to 20 mgm. daily p.o., and testo- 
sterone propionate 10 to 20 or 25 mgm. a week i.m. 
One of the most successful methods of administer- 
ing testosterone compounds to these patients is to 
implant one or two pellets of testosterone (75 
mgm. each [Schering] ) every 3 to 4 months. We 
usually give some form of testosterone at least for 
the first 6 to 12 weeks. 

Since many of the steroids cause sodium reten- 
tion, the above endocrine therapy may cause 
edema in certain elderly patients, especially if 
they have low serum protein levels. If this is 
not controlled by a low sodium chloride diet, and/ 
or ammonium chloride, the steroid therapy may 
have to be modified. 

Because of the possible danger that continued 
estrogenic medication may lead to cancer, it has 
been our practice to interrupt the medication for 
7 to 14 days everjf 4 to 6 weeks, even though the 
uterus is out. An examination of the vaginal 
smear every 6 months provides a further safe- 
guard (19). If the uterus is in, a record should 
be kept of the vaginal bleeding ; any bleeding not 
according to plan (that is, not following estrogen 
or progesterone withdrawal) should, promptly be 
investigated further. 

Since osteoporosis is a deficiency in bone matrix 
protoplasm, a high protein diet is probably indi- 
cated; since it is not a disease of calcium and 
phosphorus metabolism, excessively high intakes 
of these minerals and of vitamin D are probably 
not indicated. Prolonged immobilization should, 
of course, be avoided if possible, because of the 
danger of superimposed atrophy of disuse. 

SUMMARY 

' 1. Osteoporosis is defined as that form of under- 
mineralization of bone in which the primary de- 
fect is a hypofunction of the osteoblasts in laying 
down bone matrix ; eight etiological subgroups are 
listed. 

2. The effect of certain steroid hormones (no- 
tably estrogens, androgens, and progesterone) has 
been studied in 11 cases of osteoporosis: 5 cases 
of the post-menopausal type, 1 case of the senile 
type, 2 cases of the type seen following orthopedic 
operations (atrophy of disuse), and 3 cases of 
the Cushing’s syndrome type. 

3. Estrogens in the 2 forms used (estradiol ben- 


zoate and diethylstilbestrol) decreased the calcium 
and phosphorus excretions in the 4 types of 
osteoporosis studied. Additional observations on 
estrogen therapy follow. 

a. The fecal as well as the urinary calcium and 
phosphorus excretions were decreased in 
most instances. 

b. The effects were usually manifested within 6 
days; did not reach a maximum until after 30 
days; and persisted for 30 to 50 days after 
cessation of therapy. 

c. The synthetic estrogen, diethylstilbestrol, 
appeared to be as effective as the naturally- 
occurring estrogen, estradiol. 

d. The ranges of dosages employed were for 
estradiol benzoate 3.32 mgm. daily to 1.66 
mgm. every 3 days intramuscularly, and for 
diethylstilbestrol 1 to 15 mgm. daily by 
mouth. There was no convincing ewdence 
that the larger doses of estradiol benzoate 
were more effective than the smaller; in one 
instance (Figure 3) 3.32 mgm. seemed less 
effective than 1.66 mgm. every third day. 
In the one case studied, 15 mgm. of diethyl- 
stilbestrol daily was probably more effective 
than 1 mgm. daily. 

e. The serum phosphorus levels, which tend to 
be high in the post-menopausal group, fell 
in almost all instances. 

f. The serum alkaline phosphatase levels, con- 
trary to expectations, did not rise. 

g. The urinary nitrogen excretion showed a 
poorly-sustained decrease. 

h. The urinary 17-ketosteroid excretion showed 
a moderate decrease with estradiol. 

4. Androgens in the 2 forms used (testosterone 
propionate and methyl testosterone) likewise de- 
creased the calcium and phosphorus excretions in 
the 3 types of osteoporosis (post-menopausal, 
senile, and Cushing’s syndrome) studied. Addi- 
tional observations on androgen therapy follow. 

a. As in the case of estrogens, the fecal as well 
as the urinary calcium and phosphorus ex- 
cretions were decreased; the effect of the 
therapy on the calcium metabolism was slow 
in reaching its maximum, and persisted for 
a long time after cessation of therapy; the 
serum phosphorus levels tended to fall; the 
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serum alkaline phosphatase levels failed to 
rise except in the three cases of Cushing’s 
syndrome. 

b. In contrast to estrogens, the decrease in the 
urinary nitrogen excretion was marked and 
prolonged. 

c. The ranges of dosages employed were for 
testosterone propionate 25 to 50 mgm. daily 
intramuscularly, and for methyl testosterone 
40 to 100 mgm. daily by mouth. 

d. Methyl testosterone appeared to be as effec- 
tive as testosterone propionate. 

5. Progesterone, in the dosages of 10, 25, and 
100 mgm. daily, had no definite effect whether 
given alone or in combination with estrogen. 

6. The effect on the calcum metabolism of es- 
trogen and androgen in combination was greater 
than that of either alone in the post-menopausal 
and senile groups. 

7. In Cushing’s syndrome estrogen probably 
does have a beneficial effect on the.calcium balance, 
previous statements to the contrary from this clinic 
nohvithstanding ! However, testosterone com- 
pounds have a much more striking effect in this 
condition, as opposed to other types of osteo- 
porosis. 

8. The data contain observations on the effect 
of pregnenolone and dehydroisoandrosterone ace- 
tate. 

9. A short discussion of certain therapeutic 
aspects of post-menopausal osteoporosis is in- 
cluded. 
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APPENDIX 

Case histories 

ase 1. F. F. (M.G.H. 156453), a 42-year-old woman, 
had a bilateral oophorectomy at the age of 41 for endo- 
metriosis; following the operation she had “nocturnal 
seizures,” the exact nature of which was not determined. 
During the following year there was a gradual onset of 
back pain with increasing dorsal kyphosis and a loss of 
cnergj'. On admission one year after operation, the 
patient was in good physical condition except for the 
deformities of her spine; her blood pressure was 130/80. 
X-rays revealed typical codfish deformity of many of the 
dorsal and lumbar vertebrae, a collapse of some vertebrae, 
and anterior rvedging of others. Laboratory studies: 
serum calcium 10.5 mgm. per cent, serum phosphorus 
4.2 mgm. per cent, serum alkaline phosphatase 3.6 Bo- 
dansky units, serum total protein 7.3 grams per cent, 
normal glucose tolerance test, some hypoglycemia un- 
responsiveness in an insulin tolerance test, basal meta- 
bolic rate of minus 6, follicle-stimulating hormone test 
positive for 25 mouse units per 100 ml., and 17-keto- 
steroid excretion of 4.3 mgm. per 24 hours. This case 
was mentioned in previous communications (1 [Case 1], 
3 [Case 37 ], 20 [Case 82], 21). 

Case 2. E. P. (M.G.H. 203540), a 60-year-old patient, 
had a physiological menopause at 53. Thirteen months 
before admission she fell down 6 steps an'd fractured her 
first lumbar vertebra; she was kept in bed 5 months for 
this injury, and then allowed up with a brace. Eight 
months before admission the 9th dorsal vertebra col- 
lapsed. Except for back and chest pain, the patient had 
no complaints, and was in good general health upon ad- 
mission. Her blood pressure was 120/90. X-ray exam- 
ination revealed the fractures of the first lumbar and the 
9th dorsal vertebrae, marked osteoporosis of the spine and 
pelvis, but not of the skull, and gall stones. Laboratory 
studies : serum calcium 10.1 mgm. per cent ; serum phos- 
phorus 3.5 mgm. per cent ; serum alkaline phosphatase 3.7 
Bodansky units; serum total protein 7.6 grams per cent; 
no Bence-Jones protein in the urine. This case was 
mentioned in previous communications (1 [Case 2], 
3 [Case 13], 20 [Case 85], 21). 

Case 3. A. M. R. (M.G.H. 29358), a 60-year-old phy- 
sician, developed menopause at 45 following radium treat- 
ment of submucous fibroids. Four years before admission 
she experienced pain in the back while. trying to raise a 
window, and in the ensuing 4 years developed several 
fractures of vertebrae and progressive deformity of the 
spine. Physical examination on admission revealed the 
deformity of the spine and otherwise no abnormalities. 
Her blood pressure was 148/90. X-ray examination 
showed deformities of several thoracic and the first lum- 
bar vertebrae, and osteoporosis of the bones of the spine 
and pelvis but not of the skull. Laboratorj' studies: 
serum calcium 10.1 mgm. per cent; serum phosphorus 
3.0 mgm. per cent; serum phosphatase 3.7 Bodanskj- 
units; serum total protein 6.3 grams per cent This case 
has been mentioned in previous communications (1 [Case 
3], 3 [Case 32], 20 [Case 84], 21). 
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Case 4. R. W. (M.G.H. 319940), a 56-ycar-old woman, 
had a cholecystectomy at 26, and tliyroidcctomy for thyro- 
toxicosis at 46. At 48, an artificial menopause was in- 
duced with radium for metropathia hcmorrliagica, Tlircc 
years before admission tlic patient strained her back open- 
ing a heavy window, and thereafter had several episodes 
of sharp pain in the back when lifting. Plu'sical c.vamina- 
tion showed a nervous woman with a tremor of her head, 
and considerable deformity of her back. Her blood pres- 
sure was 115/75. X-ray examination revealed extensive 
osteoporosis with multiple fractured vertebrae; bones of 
skull were approximately normal in density. Laboratory 
studies: no abnormalities of the urine, stools, or blood 
cells; urine calcium 2 to 4 plus by the Sulkowitch test; 
serum calcium 10.6 mgm. per cent; serum phosphorus 3.1 
mgm. per cent; serum alkaline phosphatase 3.7 Bodansky 
units; serum chloride 93.2 m.eq. per 1.; scrum carbon 
dioxide combining power 28.1 m.eq. per 1.; non-protein 
nitrogen level 26 mgm. per cent; and total protein 7.8 
grams per cent W'ith an albumin/globulin ratio of 1.7. 
Electrocardiographic tracing was normal; follicle-stimu- 
lating hormone excretion in the urine was high (consistent 
with the menopause). This case has been mentioned in 
a previous communication (21), 

Case 5. S. B. (M.G.H. 430664), a 58-ycar-old woman, 
had at the age of 28 a bilateral oophorectomy with a 
hysterectomy for pelvic lacerations following childbirth. 
For some years she had occasional hot flashes and attacks 
of palpitation and nervousness. At the age of SO she be- 
gan to notice weakness and the gradual onset of skeletal 
deformities involving the skull, shoulder girdle, lower 
ribs, pelvis, and bones of the legs. At 54 she liad acute 
tonsillitis, and then a tonsillectomy. At 57 she had pneu- 
monia, and after 3 weeks in bed, increased weakness and 
pain in her tibiae. About this time she used braces on her 
legs because of difficulty in walking. Shortly afterward 
she developed low-back pain on weight-bearing. 

On admission, the patient was undernourished and de- 
formed with atrophic skin and muscles, dorsal kyphosis 
and right cervical-dorsal scoliosis, enlarged parietal bosses, 
bowing of the femora and tibiae, and collapse of the lumbar 
spine so that the ribs touched the wings of the iliae. The 
chest was distorted; veins of the neck were distended; cor 
pulmonale was present ; blood pressure was 156/80. 

X-rays of the skull, shoulder girdle, lower ribs, pelvis, 
femora, tibiae, and entire thoracic and lumbar spine ex- 
cept for the upper three dorsal vertebrae showed Paget’s 
disease; in addition there were marked generalized de- 
creased density of bones and typical codfish deformity of 
many vertebrae. There were pulmonary fibrosis, cardiac 
enlargement and displacement, and tortuosity of the 
aorta. Laboratory studies : serum calcium 10.5 mgm. per 
cent, serum phosphorus 4.2 mgm. per cent, serum alkaline 
phosphatase 34.3 Bodansky units, serum total protein 7.3 
grams per cent, serum non-protein nitrogen 31 mgm. per 
cent, serum sodium 140.0 m.eq. per 1., serum potassium 
4.7 m.eq. per 1., serum chloride 101 m.eq. per 1., serum 
carbon dioxide content 34.2 m'.eq. per I., follicle-stimulat- 
ing hormone test positive for 192 mouse units per 24 
hours, and 17-ketosteroid excretion of 2.6 mgm. per 24 


hours. The venous pressure was 65 mm, of ivatcr; the 
vital capacity was 1,200 ml. 

Case 6. M. H, (M.G.H. 278511), a male of 72 years, 
developed pain in the back after a minor injury 1 year 
before admission (1—1—41). The symptoms persisted in 
spite of local therapy, and he was referred to the hospital. 
The only abnormal findings on physical examination were 
a thin skin and deformities of the spine; his blood pres- 
sure was 140/80. X-ray examination of the spine showed 
marked decrease in density of the vertebrae with a cod- 
fish deformity of some, and wedging or collapse of others. 
Laboratory studies: scrum calcium 10.0 mgm. per cent; 
scrum phosphorus 3.1 mgm. per cent; serum alkaline 
phosphatase 4.2 Bodansky units; scrum total protein 7.0 
grams per cent; non-protein nitrogen 18 mgm. per cent; 
urinary 17-kctostcroid excretion 7.2 and 6.9 mgm. per 24 
hours ; follicle-stimulating hormone excretion in the urine 
normal ; gastric acidity normal. The normal level of the 
follicle-stimulating hormone excretion is evidence against 
the idea of the osteoporosis having been due to the "male 
menopause.” This case has been mentioned in previous 
communications (6, 9, 21). 

Case 7. E. S. (M.G.H. 360207), a female of 35 years, 
had poliomyelitis at the age of 9 involving the left leg 
alone, and since the age of 14 had worn a 6-pound brace 
on the left leg. She had always been very active. For 
the 10 years prior to study she had had metatarsal pain 
in the right foot, and for 3 years had turned her right 
ankle frequently. She was admitted for a triple arthro- 
desis and muscle transplant to strengthen the right ankle. 
The menstrual history was normal. From the point of 
view of the experiment the patient can be considered a 
normal adult female in every respect, except for the resi- 
duals of the poliomyelitis of the left leg; her blood pres- 
sure was 120/80. Laboratory studies: serum calcium 9.8 
mgm. per cent; serum phosphorus 3.5 mgm. per cent; , 
serum alkaline phosphatase 2.4 Bodansky units ; and 
scrum total protein 4.7 grams per cent; urinary 17-ketos- 
teroid excretion 7.6 mgm. per 24 hours. This case has 
been mentioned briefly elsewhere (22). 

Case 8. H. D. (M.G.H, 382395), a male fireman of 50 
years, fell 3 stories and suffered fractures of ribs, pelvis, 
right tibia and right fibula, and multiple contusions and 
abrasions. The patient was in shock on admission, but 
responded promptly to a blood transfusion. On physical 
examination he was found to be a well-preserved man 
without organic disease; blood pressure was 110/60. A 
Kirschner wire was inserted through the os calcis and 
a Zimmer bow applied. During the next 2 weeks the frac- 
tures were reduced by traction and by several manipula- 
tions under anesthesia. The patient was transferred to 
the metabolic ward where studies were begun 44 days 
after the accident. Laboratory studies: serum calcium 
10.7 mgm. per cent ; serum phosphorus 3.3 mgm. per cent ; 
serum alkaline phosphatase 2.7 Bodansky units; serum 
total protein 6.7 grams per cent. This case has been 
mentioned briefly elsewhere (23). 

Case 9. C. M. (M.G.H. 348774), a male of 24 years, 
sustained a fracture of the pelvis and of the right femur in 
an automobile accident 9 months before study. The fe- 
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mur failed to unite properly and, although tlic patient was 
active and able to walk about with a cane, he had un- 
usual motion and instability in his right femur because of 
the poor union. He was readmitted for bone grafting. 
Physical e-xamination revealed a young adult male who 
\\-as normal in all respects except for the incomplete un- 
ion of his right femur; his blood pressure was 105/60. 
Laboratory studies: serum calcium 10.3 mgm. per cent; 
serum phosphorus 4.5 mgm. per cent; serum alkaline 
phosphatase 2.9 Bodansky units, and serum total protein 
6.0 grams per cent This case has been mentioned briefly 
elsewhere (24). 

Case 10. B. V. (M.G.H. 74372), a female of 25 years, 
with Cushing’s syndrome of 5 years duration. The case 
histoiy of this patient has been published elsewhere (2 
[Case 1]). This case has been mentioned also in other 
previous communications (6, 9, 20 [Case 37]). 

Case 11. R. B. (M.G.H. 3397), a female of 50 years, 
with Cushing’s syndrome of 5 years duration. The case 
history of this patient has been published elsewhere (2 
[Case 2j). This case has been mentioned also in other 
previous communications (6, 9, 20 [Case 36], 25 [Case 
2 ]). 

Case 12. B .A. (M.G.H. 234190), a female of 43 years, 
with Cushing’s syndrome of 6 years duration. A complete 
case history with autopsy findings is reported elsewhere 
(26). This case has also been mentioned in previous 
communications (2 [Case 3], 20 [Case 38]). 
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The detection of an insulin antagonist in the 
serum of insulin resistant subjects has been at- 
tempted on a number of occasions. In certain 
instances, the excessive quantities of insulin used 
in the neutralization experiments in animals may 
explain the failure to obtain evidence of an insulin 
antagonist. In the few successful experiments 
which have been done, little information of a 
quantitative nature has been obtained. Glen and 
Eaton (1) and Marble, Femald and Smith (2) 
were able to demonstrate decreased responsive- 
ness to insulin in rabbits injected with serum from 
insulin resistant patients. This change in the ex- 
perimental animal was still demonstrable a week 
after injection of the serum. In the same year, 
Banting et al. (3) described experiments in which 
the incidence of hypoglycemic convulsions was 
reduced in mice injected with mixtures of serum 
and varying amounts of insulin. The serum was 
obtained from a patient with schizophrenia who 
developed insulin resistance during insulin shock 
therapy. This case is especially interesting be- 
cause diabetes was not present, suggesting that 
the resistance was directed against prepared in- 
sulin only. When the same serum was retested a 
week later in mice maintained on a high carbo- 
hydrate diet, practically no insulin neutralization 
could be demonstrated. Lerman (4) , in studying 
senim of 5 patients with insulin resistance, ob- 
tained evidence for the presence of an insulin 
antagonist in 2. One of these serums was pro- 
vided by the writer, and was obtained from a 
diabetic patient, A. M., the subject of this and 
previous reports (5, 6). A high degree of allergy 
to insulin, coupled with marked insulin resistance, 
combined to make the giving of insulin to this 
patient both disagreeable and ineffective. A fur- 
ther important feature was the presence of a rela- 


tively mild degree of diabetes, making possible 
prolonged periods during which insulin therapy 
could be omitted without immediate danger to the 
patient’s life. A number of hospital admissions 
provided opportunity to show that: 

a. At the end of a period of S months or more 
without insulin therapy, small doses of in- 
sulin would give rise to urticaria, constric- 
tion in the chest, and, on one occasion, col- 
lapse. 

b. After desensitization with graded doses of 
insulin, a period of 3 to 5 days followed 
during which the injection of relatively small 
doses of insulin would be followed by a fall 
in blood sugar. 

c. Within about 11 to 15 days of starting de- 
sensitization and treatment with insulin, a 
solid resistance to insulin developed. 

These changes were correlated with the absence, 
and then the appearance, of insulin-neutralizing 
activity in the patient's serum. The allergic reac- 
tions appeared to be mediated by a mechanism 
quite independent of that giving rise to resistance 

(5). 

The method previously used for the demon- 
stration of insulin-neutralizing activity of the pa- 
tient’s serum (6) consisted in observing the in- 
cidence of hypoglycemic symptoms in mice injected 
with a mixture of serum and insulin. This method 
had a number of disadvantages which ouhveighed 
its simplicity, A relatively large dose of insulin 
was required in order to produce symptoms of 
f*3'Poglycemia with some regularity when normal 
serum was used, and because of this the chance of 
detecting small amounts of neutralizing activity 
in the serums to be tested was decreased. This, 
in turn, led to the use of a large amount of serum 
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in each animal, a circumstance which in itself in- 
troduced non-specific blood-sugar raising cfFccts 
(see below). These effects had to be distin- 
guished from specific insulin neutralization, and 
tended to decrease the regularity of symptoms in 
control tests. Furthermore, the recognition of 
truly hypoglycemic symptoms was not always 
easy. Finally, reliance on the incidence of hypo- 
glycemic symptoms as an indication of insulin 
effect provided no direct measure of the effect of 
the injected mixture on the blood sugar itself. 
With the present method, some of these difficul- 
ties are avoided, and the small amounts of serum 
required made possible a more detailed study of 
the behavior of the serums tested. One serum, 
obtained from A. M. before insulin therapy was 
started in the patient’s final and hitherto unre- 
ported hospital admission, will be referred to be- 
low as "before” serum, and a second specimen, 
obtained 25 days after insulin treatment had been 
started, at a time when resistance had been re- 
established, will be referred to as “after” serum. 

CASE REPORT 

(Filial hospital admission 

After discharge from tlie Evans Memorial Hospital on 
11/15/42, the patient, a 4S-year-oId, white female, was 
seen at infrequent intervals. In the fall of 1943, a diag- 
nosis of pulmonary tuberculosis was made, and she spent 
several months in a sanatorium for tuberculosis. She re- 
fused to stay, however, and received no further hospital 
care until April, 1944, when she was readmitted to tlie 
Evans Memorial Hospital with advanced pulmonary tu- 
berculosis. With the exception of this, examination 
revealed findings similar to previous admissions. No 
insulin had been given since November, 1942, and it was 
thought advisable to try insulin therapy again. The 
patient was intolerant of many procedures, and no at- 
tempt was made to restudy the effect of insulin therapy 
in detail. As shown in Table I, the administration of 
insulin in daily doses of between 40 and 102 units brought 
about a marked reduction in the 24-hour output of glucose 
for a period of 6 days. This was first apparent on the 
third day of insulin treatment, at which time the blood 
sugar fell from an average of 300 to 154 mgm. per 100 
ml. Some degree of insulin effect was apparent up to the 
ninth day of therapy. Thereafter no response to insulin 
occurred' with daily doses of 120 to 280 units. All insulin 
therapy was stopped on 5/20/44 after a total of 3,969 
units had been given in a period of 33 days. During the 
treatment with insulin, the patient complained of itching 
and soreness at the site of the injections, and, in addition, 


TABLE I 


Insulin dosage and glucose excretion of A. M. 
during final hospital admission 


D.iy' of 
month 

Insulin 

Glucose 

excretion 

Blood 

supar 

Remarks 

4/12/44 

units 
ter day 
0| 

f^rams 
per day 

76 

mem. ter 
100 ml. 


4/13/44 

0 

93 

FBS314 


4/14/44 

0 

100 



4/15/44 

0 

111 



4/16/44 

0 




4/17/44J 

31 

77 

FBS 520 

1 

“Before" blood 
taken. 
Urticaria 

4/18/44 

58 

S3 


Urticaria 

4/19/44 

96 1 

20 

4 PM 154 

Urticaria 

4/20/44 

40 

5.1 



4/21/44 

82 

tr. 

FBS 352 


4/22/44 

64 

tr. 

FBS 230 


4/23/44 

130 

tr. 



4/24/44 

120 

26 



4/25/44 

220 

48 



4/26/44 

280 

81 

FBS 520 


4/27/44 

to 

5/20/44 

120 

to 

280 

150 

to 

211 

425 

on 

5/12/44 

“After” blood 
taken on 
5/12/44 


had several attacks of urticaria while desensitization was 
in progress. The sequence of events following attempted 
therapy with insulin was similar to that following earlier 
attempts (5), and the presence of active tuberculosis ap- 
peared to have no influence on the patient’s resistance. 

The patient refused sanatorium care, and finally left the 
hospital against advice. It was learned later that she died 
at home in the fall of 1944, and that no autopsy was done. 
The discharge diagnoses were: Diabetes mellitus with 
diabetic retinitis and peripheral neuritis; insulin allergy 
and resistance; chronic pyelonephritis; pulmonary tuber- 
culosis. 

MATERIALS AND METHODS 

Each of 6 large white mice, starved for 18 hours, was 
injected intra-abdominally with 0.2 ml. of a mixture of 
serum, diluted or undiluted, and a dilution of insulin, 
after a fasting blood specimen had first been obtained. 
Subsequent blood samples were taken 30 minutes and 60 
minutes after the injection of the mixture to be tested. 
For each blood sugar determination, .1 ml. of blood was 
drawn from a clean cut across a tail vein into a .1 ml. 


1 Previous hospital admissions have been reported (5) . 
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micro blood sugar pipette wliicli had been rinsed with 
a heparin solution containing 20 mgm, in 1 ml. of distilled 
water and thoroughly dried. The presence of heparin re- 
duced the incidence of clotting, and did not interfere with 
the blood sugar determinations. These were done ac- 
cording to the technic of Folin, and the color readings 
were made in an Evelyn colorimeter. No animal was 
used more than once. The flow of blood was found to be 
freer when the animals were kept warm during the test 
This was done with an ordinary desk lamp held at such 
a distance from the animals that a temperature of 27” C. 
to 30° C, was maintained. The performance of the test 


was facilitated by first drawing up a schedule in which 
the times at which blood samples were to be obtained and 
injections given were noted. A period of 5 minutes was 
allowed for each procedure. 

Scrum for testing was obtained from clotted blood, 
drawn with sterile precautions, and was stored in the 
frozen state at —10° C. The “before” and “after” serums 
from A. M., and scrum from a case of uncomplicated dia- 
betes, all of which contained high concentrations of glu- 
cose, were dialyzed in 10 ml. amounts in cellophane bags 
against 40 ml. of buffered salt solution at pH 7.4 for 18 
hours at 4° C. No significant change in volume occurred. 


TABLE II 


Changes in the blood sugar of mice following the injection of normal serum and "before" serum 
from A. M., with and without insulin 







Cbanae In Wood 



Change in blood 

Average change in 






sugar at 



sugar at 

blood sugar at 

Test 

Scram 

Insulin 

Mouse 




Mouse 

FBS 





no. 

tto. 


30 

60 

no. 

30 

00 

30 

60 









min. 

min. 



xnio. 

min. 

min. 

min. 


1 

Krttij per 


mem. p{r 




mgm. -per 







mouse 


JOO ml. 




iOO ml. 








1 

116 

-f 4 

+4 

4 

80 

+28 

+31 



1 

Normal 

0 

2 

95 

+22 

+28 

5 


+43 

+35 

+24 

+22 




3 

125 

+13 

-f-S 

6 

lil 

+37 

+31 





1 

87 

+28 

+11 

4 

107 

+3 

0 



2 

Normal 

0 

2 

79 

+50 

5 

124 

-9 

-1 

+6* 

+16** 

1 




3 

113 

+3 

+20 

6 





Uncomplicated 


1 

116 

+4 

+4 

4 

n 

+28 

+31 



3 

0 

2 

95 

+22 

+28 

5 


+43 

+35 

+24 

+22 


diabetes 


3 

125 

+13 

+5 

6 

la 

+37 

1 +31 


A.M. “before” 


1 

113 

+38 

+63 

4 

125 

+18 

+21 



4 

0 

2 

92 

+39 

+55 

i 5 

88 

+41 

+48 

+35 

+45 




3 

112 

+45 

1 +42 

6 

132 

+33 

+39 

5 

A. M. "after” 


1 

91 

+16 

+9 

4 

106 

+27 

+43 



0 

2 

94 

+27 

+30 

5 i 

81 

+17 

+21 

+25 

+30 




3 

89 

+25 

+40 

6 ' 

102 

+38 

+40 

i 





1 1 

83 

+42 ' 

+72 i 

4 

91 i 

+43 

“f-Sl 



6 

0 

2 

108 

+29 

+24 

5 

70 

+43 

+40 

+38 

+49 




3 

63 

+22 

+22 

6 

88 

+48 

+56 



7 

Normal 


1 

97 

-5 

-15 

4 

86 

-11 

-10 



.005 

2 

95 

-17 

-21 

5 

92 

-5 

-6 

-9 

-16 




3 

S6 

+ 10 

-10 

6 

114 

-26 

-36 



8 

A. M. “before” 


1 

94 

-44 

-46 

4 

83 

+3 

-14 



.005 

2 

98 

-5 

-24 

5 

91 

-14 

-17 

-13 ' 

-24 




3 

91 

-10 

-26 

6 

90 

-7 

-16 



9 

Uncomplicated 

.005 

1 

2 

94 

83 

+3 

-20 

-12 

-16 

4 

5 

m 

-15 

-36 

-18 

-43 

-18 

-26 

- 

diabetes 


3 

88 

-26 

-27 

6 


-15 

-39 



10 

Normal 

.01 

1 

90 

-19 

-24 

4 

110 

-28 

-32 



2 

97 

-13 

-38 

5 

89 

-16 

-31 

-18 

-30 





3 

106 

-18 

-22 

6 

92 

-15 

-32 



11 

A, M. "before” 


1 

97 

-S3 

-63 

4 

92 

-51 

-48 



’ .01 

2 

110 

-45 

-67 

5 

112 

-61 

-79 

—55 

-68** 

— 



3 

79 

-25 


6 

150 

-99 

-85 




* Average based on 4 animals. 


I 


** Average based on 5 animals. 
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Glucose determinations were made on the dialyzed scrums, 
as well as other scrums which were not dialyzed, and 
all scrums tested contained between 40 and 55 mgm. glu- 
cose per 100 ml. Dialysis produced no observable change 
in the behavior of serums in mice, other than that at- 
tributable to the reduction in the glucose content. 

RESULTS 

Six tests in which mice were injected with mix- 
tures of a serum and saline with no added insulin 
are shown in, Table II (tests 1 to 6). Of the 35 
mice tested, all but 1 showed a rise in blood sugar 
following injection. The rise was greatest in the 
first 30-minute period. Wide variations occurred 
in the responses of individual mice and, with the 
small number of animals used, the diflterence in the 
degree of the rise from test to test is hardly sus- 
ceptible of interpretation. These results stand in 
sharp contrast to those obtained when insulin was 
injected with normal serum, serum from an un- 
complicated case of diabetes mellitus, or “before” 
serum from A. M. A moderate but prompt fall 
in blood sugar followed the injection of .005 unit 
of insulin mixed with serum in 15 of 18 mice, and 
this fall was sustained or more marked at 60 min- 
utes (Table II, tests 7 to 9). A greater fall oc- 
curred in mice receiving .01 unit (Table II, tests 
10 and 11). 

Tests with “after” serum from A. M., in which 
varying amounts of insulin were added to a con- 
stant volume of serum, are shown in Table III. 
In all tests with .06 unit or less, a rise in the aver- 
age blood sugar occurred at the end of 30 minutes. 
Only in test 9 did a fall occur in the first 30 min- 
utes, the amount of insulin required to cause this, 
.075 unit, being 15 times greater than that re- 
quired when a normal or “before” serum was used. 
A rise in blood sugar over the fasting level was also 
observed at the end of 60 minutes in 2 tests with 
.01 unit, 1 of 2 tests with .02 unit, and 2 tests 
with .03 unit. The fall in test number 3 is unex- 
plained. With .05 and .06 units, a moderate fall 
was seen at 60 minutes. In the test with .075 unit, 
the fall in the blood sugar was of about the same 
degree as that seen with “before” and normal ser- 
ums in combination with .005 unit of insulin. 

Titration of the neutralizing activity of this 
serum was also attempted by mixing varying dilu- 
tions of serum with a small constant dose of in- 
sulin. The results are shown in Table IV. A rise 


TADLE nr 

Changes in the blood sugar of mice following the injection of 
a mixture of “after” serum with varying 
amounts of insulin 


Test 

no. 

In- 

sulin 

Mouse no. 

FBS 

C)inn;;e 

in 

Mouse no. 

FBS 

Chnn^rc 

in 

Average 
cli.mEc in 

30 

min. 

60 

, min. 

30 

min 

60 
. min. 

30 
. min. 

60 

min. 


units 


trtf'tt:. 




mf;m. 






per 


per 




per 






Mouse 


WO 




wo 








ml. 




ml. 







1 

100 

-1 

-1 

4 

99 

+20 

+s 



1 

.01 

2 

95 

+7 

0 

5 

97 

+20 

+20 

+10 

+9 



3 

95 

+1 

+3 

6 

125 

+13 

+28 





1 

133 

+3 

+16 

4 

71 

+14 

+7 



2 

.01 

2 

100 

+11 

-3 

5 




+10* 

+9» 



3 

88 

+16 

+23 

6 

95 

+5 

+1 





1 

92 

-38 

-41 

4 

126 

-15 

-38 



3 

.02 

2 

97 

0 

-23 

5 

81 

4’3G 

+21 

+6 

-13* 



3 

90 

+39 


6 

92 

+14 

+4 





1 

64 

+23 

+15 

4 

82 

+22 

+17 



4 

.02 

2 

88 

+46 

+41 

5 

91 

+33 

+31 

+33 

+25 



3 

80 

+43 

+32 

6 

88 

+30 

+17 

i 



1 

1 

88 

+22 

+2 

4 

71 

+29 

+23 



5 

.03 

2 

81 

+29 

+11 

5 

78 

+20 

-2 

+20 

+4 



3 

88 

+10' 

-7 

6 

97 

+13 






1 

92 

+12 

+4 

4 

69 

+41 

+25 



6 

.03 

2 

82 

+19 

+34 

5 

94 

+32 

+24 

+28 

+23 



3 

75 

+41 

+35 

6 

97 

+27 

+17 

i 




1 

95 

+5 

-16 

4 

78 

+2 

-8 



7 

.05 

2 

88 

+30 


5 

76 

+16 

-8 

+12 

-7 



3 

82 

+13 

-7 

6 

82 

+8 

-10 





I 

84 

+22 

-13 

4 

95 

+29 

-4 



8 

.06 

2 

102 

+22 

+18 

5 

104 

4*6 

-29 

+12 

-12 



3 

88 

-1 

-14 

6 

96 

-8 

-33 





1 

89 

-14 

-21 

4 

74 

-6 

-19 



9 

.075 

2 

77 

-9 

-17 

S 

75 

-f3 

-16 

-9 

-21 



3 

83 

-IS 

-24 

6 

97 

-16 

-32 




* Average based on 5 animals. 


in the average blood sugar occurred at the end of 
30 minutes in tests done with serum diluted 1 : 3, 
1:6, 1:12 and 1 : 24. When diluted 1 : 48, a 
marked fall occurred in 30 minutes. At the end of 
60 minutes the results in this group of tests were 
less regular. A rise occurred in 3 tests (Table IV, 
tests 1, 3 and 4) with serum diluted 1:3, 1 ; 6, and 
1 : 12, but a fall occurred in 1 test done with 1 : 6, 
and 1 done with 1 : 24. When compared with the 
results obtained with undiluted normal serum 
(Table II, tests 6 to 9), these 2 tests suggest that 
some neutralization of insulin took place. Marked 
variation in the behavior of individual mice is evi- 
dent in all but the first and the last. 

The effect of injecting .1 ml. of “after” serum 
18 hours before the injection of insulin was also 
tried. The amounts of serum and insulin were 
such as to make the tests comparable to those done 
with mixtures of insulin and serum. With a dose 
of .005 unit per mouse there was a rise in blood 
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TABLE TV 


Changes in the blood sugar of mice follotaing the injection of 
a mixture of varying dilations of ''after” 
scrum and 0.005 unit insulin 


Test 

no. 

Dilu- 

tion 

of 

scrum 

d 

c 

o 

tt 

3 

0 

A 

FBS 

Change 

in 

Mouse no. 

FBS 

Change 

In 

A\'craRC 
change In 

30 

min. 

60 

min. 

30 

min. 

60 

min. 

30 

min. 

60 

min. 




mgm. 




mgm. 








I’CT 




per 








lUO 




JOO 








ml. 




ml. 







I 

65 

+25 

+32 

4 

89 

+21 

+9 



X 

1:3 

2 

105 

+39 

+39 

5 

no 

+15 

+35 

+25 

+26 



3 

96 

+47 

:+43 

6 

95 

+2 

+6 





1 

89 

-12 

-15 

4 

82 

+1 

+1 



2 

1:6 

2 

75 

+13 

-9 

5 

88 

-II 

-14 

+6 

-6 



3 

73 ! 

+7 

+6 

6 

91 

+6 

-3 





1 

95 

+13 

+22 

4 

109 

+19 

+20 



3 

1:6 

2 

105 

+2 

0 

5 

124 

-16 1 

-36 

+7 

+5 



3 

107 

+21 

+24 

6 

78 

+3 1 

-1 





1 

124 

+2 

-12 

4 

67 

+24 

+26 



4 

1:12 

2 

117 

+12 

-11 

5 

70 

+18 

+16 

+12 

+6 



3 

85 

+7 

+6 

6 

88 

+12 

+14 





1 

92 

+7 

-8 

4 

102 

+5 

-5 



5 

1:24 

2 

67 

-H 

-6 

5 

77 

+16 

-6 

+6 

-5 



3 

78 

+13 

+2 

6 

74 

-7 

-9 





1 

93 

-39 

-46 

4 

82 

-38 

-43 



6 

1:48 

2 

75 

-21 

-22 

s 

SO 

-19 

-26 

-28 

-33 

. 


3 

86 

-29 

-35 

6 

108 

-25 

-28 




sugar in 5 of 6 mice in 30 minutes, and in 4 of 6 
mice at 60 minutes with an average rise of 11 
mgm. per 100 ml. in 30, and of 9 mgm. per 100 ml. 
in 60 minutes. With .01 unit per mouse there was 
a rise in all 6 mice at 30 and 60 minutes. How- 
ever, with .03 unit per mouse, the average change 
was downward at 30 and 60 minutes. Thus, as 
would be expected, the anti-insulin effect of the 


serum was diminished when a period of time was 
allowed to elapse between the injection of the 
serum and the administration of insulin. It ap- 
pears, therefore, that the insulin antagonist in the 
^ after serum of A. M. is most active when it is 
injected simultaneously with insulin. This sug- 
gests that this antagonist is not the glycotropic fac- 
tor of the pituitary. This hormone, when injected, 
produces no immediate effect on the susceptibility 
of the animal to insulin, but on the contrary, a pe- 
riod of several hours is required before interfer- 
ence with the action of insulin becomes demon- 
strable (7). 

b<o decrease in the insulin-neutralizing effect 
o t e serum could be demonstrated when insulin 
"as added to the serum in 3 to 6 divided doses 
at 5-minute intervals in amounts totaling .03 unit 
per mouse and ,06 unit per mouse. This was done 


in an unsuccessful attempt to demonstrate a 
Danysz phenomenon. 

DISCUSSION 

The performance of the test, irrespective of 
the injection of insulin, may be assumed to have 
effects on the experimental animal which, in them- 
selves, may cause elevation or depression of the 
blood sugar. Unexplained falls in blood sugar 
of- individual mice receiving serum or saline with- 
out insulin were occasionally seen in some earlier 
unreported experiments, but were not observed in 
later experiments. The marked tendency for the 
blood sugar to rise when serum alone was injected 
(Table 11) may probably be explained as being 
due to the animal’s fright and anger at being held, 
bled, and injected, and to the non-specific effect 
of injecting foreign material. The regular rise in 
the blood sugar of mice following the injection of 
serum without any added insulin casts some doubt 
on the significance of experiments which have been 
carried out in the past, allegedly demonstrating a 
specific blood-sugar raising effect of serum from 
an insulin-resistant subject (8). 

The results of this study support, in a roughly 
quantitative manner, the conclusions reached in 
the earlier qualitative tests (6) . An estimation of 
the insulin inactivating capacity of the patient’s 
plasma volume at the time the “after”' serum was 
drawn readily explains the resistance to insulin 
and, in addition, indicates that the doses given the 
patient during the final hospital admission were a 
fraction of w'hat would have been required to in- 
duce a fall in blood sugar. The amount of in- 
sulin which, on the basis of the studies made, 
would be neutralized by the patient’s entire plasma 
volume (2,500 ml.) can be estimated in a number 
of ways. One figure can be arrived at by using the 
largest dose of insulin per mouse with which neu- 
tralization of insulin Avas demonstrable, namely 
.06 unit per .1 ml. (Table III, test 8). 

.06 X 10 X 2,500 = 1,500 units 

^¥hen calculated on the basis of tests in w'hich di- 
lutions of serum were made, the required dose 
for rapid insulin effect •would be (Table IV, 
test 5) 

.005 X 24 = .12 u per .1 ml. serum 
and 

.12 X 10 X 2,500 = 3,000 units 
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In tests of tliis Icincl the a.cjrccniciU cannot he 
expected to he close, hut the evidence clearly indi- 
cates that something well over l.ClOO units would 
he required in order to bring about a rapid fall 
in blood sugar in the patient. This reasoning is 
based on the extremely doubtful assumption that 
the insulin-neutralizing factor was j^rcsent in the 
circulating blood alone. If an antibody was ac- 
tually involved, the tissues might also have played 
a large part in the inactivation of the administered 
insulin. Furthermore, the continuous production 
of the antibod}' would serve to augment the dose 
of insulin required to bring the diabetes under 
control if the doses were spread, as is usually the 
case, over a period of time. Thus, the reported 
instances of insulin-resistant individuals requiring 
3,000 to 4,000 units of- insulin daily can be ex- 
plained on the very mechanism that accounted for 
insulin resistance in A. M. 

Assuming the immunologic nature of insulin 
resistance in A. M., the fact that relatively little 
insulin could be tolerated because of the high de- 
gree of allergy provided a circumstance espe- 
cially favorable for the demonstration of the in- 
sulin-neutralizing antibody. Administration of 
doses of insulin sufficiently large to have controlled 
the diabetes should at the same time have brought 
about a marked diminution in the antibody con- 
tent of the circulating blood. This may in part ex- 
plain the failure of many of the attempts in the 
past to demonstrate insulin-neutralizing activity 
in the serum of resistant subjects, who, after all, 
can be recognized clinically only by their failure 
to respond to any but very large doses of insulin. 
Inadequate treatment of the diabetes with insulin, 
or better still, no treatment at all for a brief period 
before obtaining serum, would probably facilitate 
the demonstration of insulin-neutralizing activity 
in the serum of resistant individuals. , 

The ready demonstration of insulin-neutralizing 
activity in the serum of resistant patients will 
probably depend on a high degree of resistance. 
Thus, patients who are resistant to insulin but 
who require only 300 to 500 units daily will, in all 
likelihood, have nothing in their serums that could 
be demonstrated by the technic described. Study 
of such patients with a view to determining the 
cause of the resistance will probably have to de- 
pend on different methods, 


hailurc of the u.sual »« rv/ro immunologic tc-sts 
for the demonstration of antibody in the scrum 
of in.sulin-re.sistant subjects is, like the failure to 
demonstrate the Danj'.sz effect in the serum of 
A. M., no argument against the immunologic na- 
ture of the resistance. Such methods depend for 
their success on suitable characteristics of both 
the antigen and the antibody, as well as adequate 
concentrations of the latter. The evidence to date 
(6) is against the view that the prccipitins or com- 
plement fixing antibody occasionally encountered 
in the serum of patients receiving insulin (9), or 
animals injected with insulin in an attempt to in- 
duce allergy or antibody formation (10, 11), are 
actually concerned with insulin resistance. 

SUMMARY AND CONCLUSIONS 

1. A method is described which adequately 
demonstrates interference, by serum of an insulin- 
resistant patient, with the blood sugar lowering 
effect of insulin in mice, and which permits rough 
quantitation of this interference, 

2. Estimation, on the basis of the results of 
this study, of the total insulin-neutralizing activity 
of the patient’s blood volume, readily explained . 
the patient’s resistance. 

3. The mechanism giving rise to insulin re- 
sistance in the patient studied, presumably im- 
munologic in nature, can explain the extreme 
instances of insulin resistance which have been 
occasionally reported. 
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The possibility that an unrelated disease process 
may alter the reaction to the trichinella skin test 
was uncovered in the course of an investigation on 
the incidence of trichinosis. A higher percentage 
of positive skin reactions to trichinella antigen 
(18.3 per cent) was obtained in 674 patients with 
active tuberculosis confined in 3 sanatoria, than 
was found in 335 patients without tuberculosis 
(7.2 per cent) studied in 2 general hospitals for 
shorter periods of time (1), On the other hand, 
the incidence (18.4 per cent) in 825 patients with- 
out active tuberculosis confined in 3 hospitals for 
mental diseases was almost identical with that 
found in the sanatoria. This finding suggested 
that some factor connected with residence in an 
institution might account for the high incidence. 
An analysis of positive reactors according to the 
duration of stay in an institution revealed that the 
incidence of positive reactions reached a peak at 
18 to 29 months; no history suggesting subclini- 
cal institutional epidemics was elicited (1). 

Experiments were undertaken to determine 
whether positive trichinella skin tests could be 
produced in the absence of infection by the inges- 
tion of killed trichinae, as in meat rendered non- 
infectious by cooking inadequate to denature the 
protein of the parasite. Sensitization was not 
induced in the animals used for these experiments 
(2). The possibility of a biologic cross reaction, 
detectable by skin test, between Mycobacterium 
tuberculosis and Trichinella spiralis was investi- 
gated in rabbits infected with trichinae and a 
bovine strain of tubercle bacilli simultaneously. 
No cross reaction was detected in these rabbits 
by skin tests (3). 

The present experiments were undertaken to 
etermine whether a biologic cross reaction de- 


1 This study was aided by a grant from the John and 
Mary R. Markle Foundation. 


tectablc by skin test might be demonstrated in 
human beings. It was necessary to select sub- 
jects for testing who did not have active tubercu- 
losis or acute psychiatric disturbances (1), In 
order to control adequately the factor of age in 
institutionalized individuals, it was desirable to 
choose one institution in which only cliildren were 
in residence, and one institution where only adults 
were confined for comparable periods of stay. It 
had been found that the incidence of positive skin 
reactions decreases with advancing age, whereas 
the incidence of infection proved at autopsy In- 
creases with advancing age (1), An orphanage 
and a prison, both under close medical super- 
vision, most nearly met the requirements. 

MATERIAL 

A' total of 526 individuals were subjected to skin tests. 
Each person had been in residence in the institution for 
at least one year; the majority had been in residence for 
2 to 15 3 'ears (Table III). In none was there a history 
of tuberculosis or of recognized mental disease. No pa- 
tient was known to have had trichinosis, and there had 
been no epidemics in either institution which suggested 
trichinosis. 

At the Methodist Children’s Home, Winston-Salem, 
N. C., 285 children, varying in age from 6 to 19 years, 
were tested. The children are all white and are housed 
according to age in groups of 25 to 35 in 13 cottages; 
every 2 years they “graduate” from one cottage to an- 
other, so that the group is fairly homogeneous. Though 
there are kitchens in each cottage, only 3 are currently 
used to feed groups of boys included in this study. The 
remainder of the boys and all of the girls eat in a central 
dining room. Pork obtained from hogs raised on the 
orphanage farm is served twice weekly from November 
to February; the children eat little pork and prefer beef, 
which is also available. Routine chest x-rays are not 
made, but none of the children found to have a positive 
tuberculin skin test had clinical or roentgenologic evidence 
of tuberculosis when examined subsequently. 

In the North Carolina Central Prison, Raleigh, N. C., 
a group of 241 prisoners, varying in age from 16 to 77 
years, was studied. The 58 female prisoners are housed 
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in a separate building witli a separate kitchen; hence, 
this group in effect represents 2 institutions. No prisoner 
had roentgenologic er'idcnce of putmonar>' tuberculosis 
when a photo-roentgen survey was made a few months 
prior to the initiation of this study. Pork raised on the 
prison farm is served once weekly. The quantity of pork 
eaten at the prison appears to have been slightly greater 
for the 2 years preceding the test flian tliat eaten at the 
orphanage. 

METHODS 

In all instances, a 1 : 10,000 solution of trichinclia cx- 
tract (Lederle) and a phenolized phosphate buffer saline 
control solution were used.- A 1 : 1,000 dilution of tu- 
berculin (Lilly) in distilled water and the tuberculin 
control solution were freshly prepared for use in each 
institution. 

New syringes and needles were obtained for the skin 
tests, and were not used for any other purpose. One 
sjTinge and needle was always used for each test solution, 
and 2 others for the controls; the syringes and needles 
were never interchanged. After being used, they were 
washed with distilled water only, placed in marked tubes, 
and sterilized in an autoclave. 

An area on the flexor surface of both forearms was 
cleaned with 70 per cent alcohol, and 4 workers simul- 
taneously injected 0.02 ml. of the trichinella test and 
control solutions in the right arm, and 0.1 ml. of the 
tuberculin test and control solutions in the left arm. The 
test solution was always injected proximal to the control 
solution. 

The reactions were read at 30 minutes and 24 hours 
after injection. The tuberculin reactions were graded by 
the usual scale from 1 to 4 plus. The trichinella reac- 
tions were also recorded on a scale of 1 to 4 plus, 1 plus 
denoting an immediate reaction which exceeded the diam- 
eter of the injected bleb by 5 mm. or more (I). 

-The trichinella antigen and control solution used in 
Ais study were supplied by Lederle Laboratories, Pearl 
River, N. y. 


Ten weeks after the skin tests rvere performed, blood 
serum was drawn from the antecubital vein of the orphans 
for serologic testing. Serum was obtained from the 
prisoners 17 to 19 weeks after skin-testing. 

Flocculation tests ivere performed according to the 
technique described by Suessenguth and Kline (4). The 
trichinae from which the antigen was prepared were 
recovered from rabbits fed 8 w’ceks previously on a rat 
infected with a strain of trichinella parasites obtained 
from the National Institute of Health (2). Precipitin 
reactions were done with a 1 : 200 dilution of antigen 
prepared from the same dried trichinae used for the 
flocculation test. 

RESULTS 

Skin tests 

Orphanage. Fifty-seven children (20.0 per 
cent) gave positive trichinella skin tests; 51 were 
immediate reactions, and 9 were delayed reactions 
which appeared at 24 hours. Three tests were 
positive at both 30 minutes, and 24 hours (Table 
I). Seven children reacted to both the test and 
control solution, and were calculated as negative 
in the statistical analysis. Forty children (14.0 
per cent) gave positive tuberculin reactions at 
24 hours. The immediate reactions to the tuber- 
culin test and control solution were not thought 
to be significant. Six children reacted positively 
to both trichinella extract and tuberculin, and 
negatively to both controls. One hundred and 
ninety-five children gave negative reactions to all 
antigens at both times. 

Prison. Sixty-five prisoners (27.8 per cent) 
gave positive reactions to trichinella antigen at 
some time (Table I). Fifty-hvo were immediate 


TABLE I 


Summary of trichinella and tuberculin skin tests 


— 

Institution 

1 Num- 
ber 

^ tested 

Tridiinella 

Tuberculin 

1 30 minutes 

1 

1 24 hours 

Total 

30 minutes 

24 hours 

Posi- 

tive 

Test 
' aod 
con- 
' trol 
^ posi- 
tive 

Nega- 
■ tive 

Posi- 

tive 

Test 

and 

con- 

trol 

posi- 

tive 

1 

1 

Nega- 

tive 

Posi- 
tive at 
either 
time 

Per- 

centage 

posi- 

tive 

Posi- 

tive 

1 

Test 1 
and 1 
con- 
trol 
posi- 
tive 

Nega- 

tive 

Posi-; 
tive j 

Per- 

centage! 

posi- 

tive 

Test 
and 
con- 
trol 
ppsi- 1 
tive j 

Nega- 

tive 

Orphanage 

Prison 

(male) 

Pnson 

(female) 

285 

183 

58 

51 

43 

1 

9l 

7 

12. 

1 

1 

227 

128 

48 

9 

13 

3 

0 

1 

0 

276 

169 

55 

57* 

53* 

12 

20.0 

29.0 

20.7 

60 

25 

9 

164 

72 

19 

61 

86 

30 

40 

14 

3 

14.0 

7.6 

5.2 

0 

1 

0 

I 

245 

168 

55 

Total 

526 

103 

20 

403 

25 

1 

1 

500 

122 

23.2 

94 

255 

177 

57 

10.8 

B 

468 

I 


Three patients had positive reactions at both 30 min. and 24 hrs. 
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reactions, and 16 were delayed. Three were posi- 
tive at both 30 minutes and 24 hours. Tliirtcen 
prisoners gave positive reactions to both the test 
and control solution at 30 minutes. Seventeen 
prisoners (7.1 per cent) had delayed reactions to 
tuberculin. Two prisoners reacted to both tuber- 
culin and trichinclla antigen, and did not react to 
the control solutions. One prisoner gave a posi- 
tive reaction to both tuberculin and the tuber- 
culin control solution at 24 hours. One hundred 
and sixty-three prisoners reacted negatively to all 
antigens at both times. 

TABLE n 


Comparison of tuberculin and trichinclla skin tests 


Institution 

Trichinclla 

positive 

feithef 

time) 

1 

j Tuberculin (24 hrs.) 

0 

i-b 

2 + 

3 + 

4 + 


0 

195 

23 

9 

1 

0 


1 + 

21 

3 

1 

0 

0 

Orphanage 

2-1- 

14 

1 

0 

0 

0 

3-1- 

9 

1 

0 

I 

0 


4+ 

6 

0 

0 

0 

0 


0 

120 

9 

1 

0 

0 


1 + 

19 

0 

0 

1 

0 

Prison 

2+ 

16 

2 

0 

1 

0 

(male) 

1 

3-1- 

11 

0 

0 

0 

0 

4-f 

3 

0 

0 

0 

0 


0 

43 

2 

1 

0 

0 


14- 

7 

0 

0 

0 

0 

Prison 

24- 

2 

0 

0 

0 

0 

(female) 

34- 

3 

0 

0 

0 

0 

44- 

0 

0 

0 

0 

0 


Since the interpretation of immediate and de- 
layed reactions to trichinella antigen is still in 
doubt, positive reactions at either period were com- 
pared with late tuberculin reactions (Table II). 
No correlation between positive reactions to tu- 
berculin and trichinella antigen was found. 

The data were tabulated according to the extent 
of the trichinella reaction and the duration of stay 
in each institution (Table III). The duration of 
stay in an institution did not appear to affect the 
extent of the trichinella reaction. When the per- 
centage of positive trichinella reactions was tabu- 
lated according to years of institutionalization, the 
incidence was found to be highest in the orphanage 
at the second and fifth years, with a secondary 
peak at the ninth year. In the prison, the peak 
incidence was reached at the. sixth year. 
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Three orphans had both immediate and delayed positive tests. Three prisoners had both immediate and delayed positive tests, 
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TABLE IV 


Comparison of serologic reactions for trichinosis with skin tests 



I’ositivo'tritVmcUa sHa test 

PontiTo tabcrcalin sida test | 

Negative trichinella and tabcrcalin sHa test 
(control) 

Institution 

Total 

Floccalslioa 

Precipitin 


PlocculatloQ 

Precipitin 

Ploccalation 

Precipitin 


POSl- 

tjTe at 







tive 















1 



1 


MB 


1 

MB 

! 


mm 

1 

1 






cither 

time 

Tested 

Posi- 

(ire 


Tested 

fosi- 

tiVe 

iil 

hours 

Tested 

Poai'i 
(ire j 


Tested 

Poai- 
tire 1 

I8B1 

Tested 

Poai- 

tire 

Nega- 

tive 

Tested 



Orphanage 

57 

38 


38 

mm 



40 

20 

11 

20 

0 

■I 


20 

0 

20 

0 

B 


Phson 

(malt) 

IVisoa 

53 

44 

4(±)’ 

40 


0 

20* 

14 

6 


5 

5 


5 

31 

0 

31 

18 

B 

18 

12 

e 

1(±)' 

8 

■1 

0 

4“ 

3 

0 

■ 


D 

■ 


20 

2(±)* 

18 

14 


14* 

(female) 



■I 







Is 

B 



2(3+)** 

i 


B 

1 

Total 

122 

91 1 

] 

5 

S3 

24 

B 

24 

B 

25 

B 

25 

H 

B 

6 

71 

4 

67 

32 

B 

32 


* Sera with doubtful (±) flocculation gave negative precipitin test. 
** Sera with 3+ flocculation gave negative precipitin test. 


Serologic reactions 

Orphanage. Flocculation tests for trichinosis 
were performed on serum from 38 children with 
positive trichinella skin tests, from 20 children 
with positive tuberculin and negative trichinella 
skin tests, and from 20 who reacted negatively to 
all antigens. All flocculation tests were negative 
(Table IV). No precipitin tests were done on 
the children. 

Prison. Flocculation tests were performed on 
serum from S3 prisoners with positive reactions to 
trichinella antigen, from 5 with positive delayed 
tuberculih reactions, and from 51 who reacted 
negatively to all antigens (Table IV). Five sera 
from the group with positive trichinella skin tests, 
and 2 from the group negative to .both antigens, 
gave doubtful flocculation reactions ; 2 of the latter 
group gave strongly positive flocculation reactions. 
Precipitin tests were performed on serum from 20 
pnsoners with positive trichinella reactions, from 
5 with positive- tuberculin reactions, and from 18 
who were negative to all antigens; none were 
positive. Serum had been collected from the other 
pnsoners after a meal and was too cloudy for per- 
ormance of accurate precipitin tests. Precipitin 
tests on serum from rabbits known to be infected 
'nth trichinae were strongly positive; these tests 
^^n-ed as a control on the technique and the po- 
tency of the antigen. 

DISCUSSION 

. ^pJ'relation has been found between the 
^^cuHn and trichinella skin reactions ; this clini- 


cal observation agrees with the results of experi- 
mental investigations in rabbits (3). No biologic 
cross reaction detectable by skin test appears to 
exist; the increased incidence of positive trichi- 
nella skin tests in tuberculous patients is still tm- 
explained. 

Whether the apparent increase in the incidence 
of positive trichinella skin tests among patients 
confined to any institution is connected with sub- 
clinical institutional epidemics, cannot be categor- 
ically stated. The fact that the flocculating anti- 
bodies and predpitins appear to bear no relation to 
positive skin reactions would argue against sub- 
clinical institutional epidemics. However, pre- 
cipitins are known to persist for 2% years after 
proven infection in human beings (5) . The length 
of time for which flocculating antibodies persist 
in human beings is not known, but in swine the 
test remains positive for 10 months (4). It is 
possible that different antigens are involved in 
the production of the skin test and the serum 
reactions (6). 

The increase in the incidence of positive skin 
reactions previously noted after 2 years’ residence 
in an institution was confirmed at the orphanage; 
at the prison the peak was later, but in general 
the relation of positive skin tests to length of in- 
stitutionalization followed the data previously re- 
ported (1). The explanation for this relationship 
is still obscure. 

The wide variation in the incidence of positi\'e 
reactions obtained in the 9 institutions which have 
now been studied cannot yet be explained. 

While a positive tuberculin skin reaction does 
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not indicate the presence of active tuberculosis, it 
does indicate that the individual has been infected 
at some time and is allergic to some fraction of 
the organism. It would be reasonable to expect 
some degree of correlation between the skin re- 
actions to tuberculin and trichinella antigen if 
one disease affects the severity of the other, as was 
suggested by the experiments in guinea pigs pre- 
■vuously reported (7). Perhaps active tuberculosis 
is necessar}’’ for the infection with trichinae to be 
enhanced; the present study cannot answer this 
question. 

That tuberculosis may affect the course of trichi- 
nosis was shown also by studies of the eosinophil 
response of guinea pigs (8). The injection of live 
^^rulent M. iubcrculosis depressed the number of 
circulating eosinophils in trichinous animals. Since 
a rapid rise in eosinophils is the most frequent and 
easily detected early laboratory evidence of uncom- 
plicated trichinosis, the absence of eosinophilia in 
a tuberculous patient with a positive trichinella 
skin test could cause confusion in diagnosis. 

It is known that the electrical resistance of the 
skin of disturbed mental patients may vary mark- 
edly from that of the same patient after recovery 
(9). Previous studies with trichinella antigen in 
one mental hospital suggested that the reactivity 
to biologic products may be altered in the same 
way (1). Though none of the prisoners or or- 
phans gave a history of active mental disease, it 
is true that all prisoners have committed an of- 
fense and may justly be suspected of having a 
psychiatric disturbance. Many orphans may like- 
wise have some mild psychiatric manifestations. 
None of the individuals studied was acutely dis- 
turbed, however, and hence would not be ex- 
pected to have an altered skin reaction. 

SUMMARY 

1, No correlation between the trichinella skin 
test and the tuberculin reaction was found in 526 


individuals confined in an orphanage or a prison. 
The incidence of positive trichinella skin tests in 
241 prisoners was 27,8 per cent; the incidence in 
285 orphans was 20.0 per cent. 

2. Positive serologic reactions to the floccula- 
tion or precipitin tests were not found in persons 
with positive trichinella skin reactions. 

3. The duration of slay in an institution is ap- 
parently a factor in determining the incidence of 
positive trichinella skin tests. The explanation for 
this finding is obscure. 
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The possibility that infection with tuberculosis 
alters an individual’s reactivity to trichinella an- 
tigen was suggested by the resdlts of a surve}'' on 
the incidence of trichinosis. It was noted that a 
higher percentage of positive reactions to trichi- 
nella antigen (18.3 per cent) was obtained in 674 
patients with active tuberculosis in 3 sanatoria, 
than in 335 patients without tuberculosis (7.2 per 
cent) in 2 general hospitals (1). The explana- 
tion for this phenomenon has not been found by 
investigations on the possible effects of institu- 
tionalization and sensitization by the ingestion of 
nonviable trichinae (2, 3). The possibility of a 
biologic cross reaction, detectable by skin test, 
between Mycobacterium tuberculosis and Trichi- 
nella spiralis was investigated in guinea pigs in- 
fected simultaneously with tuberculosis and trichi- 
nosis (4). Because of the poor response of the 
guinea pig to trichinella skin test antigen, the 
possibility of such a cross reaction was neither 
confirmed nor denied, but it was found that guinea 
pigs infected simultaneously with both organisms 
showed heavier infections with T. spiralis than 
did similar animals suffering from trichinosis 
alone. The converse of this statement was not 
true, since the number of acid-fast organisms 
found on smears of the tuberculous ' lesions in 
trichinous guinea pigs was no greater than that 
observed in similar animals infected with Myco- 
bacterium tuberculosis alone. It was postulated 
that an increased density of infection with trichinae 
m patients with active tuberculosis might explain 
t e higher incidence of positive trichinella skin 
fests in Such patients. 

The present experiments were undertaken in 
an attempt^ to discover whether a true biologic 
cross reaction detectable by skin test exists be- 
tween Mycobacterium tuberculosis and Trichinella 
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spiralis. Since rabbits hav^e been found to give 
better skin reactions to trichinella antigen than 
guinea pigs, this animal was selected for these 
experiments. This choice necessitated the use of 
a bovine strain of tubercle bacilli (2). Dogs have 
been found to give excellent skin reactions to 
trichinella antigen, but in preliminary experi- 
ments it was difficult to establish a uniform bovine 
tuberculous infection in them. 

MATERIALS 

Sixty rabbits of medium size were divided into 6 equal 
groups. The rabbits were between 4 and 9 weeks old, 
and weighed 214 to 714 pounds. They were fed a stock 
diet (Kasco Complete Rabbit Ration, Kasco Food Co., 
Cincinnati, Ohio) supplemented with green vegetables 3 
times weekly. Each animal was kept in a separate cage, 
and the groups infected with tubercle bacilli were kept in 
a separate room from those infected with trichinae alone. 

The strain of Trichinella spiralis used was obtained 
from the National Institute of Health and was carried in 
albino rats. The culture of Mycobacterium tuberculosis 
(bovine, Ravenel strain) was obtained from Dr. Florence 
Seibert of the Henry Phipps Institute of the University 
of Pennsylvania, and was carried on plain glycerol bouil- 
lon agar medium titrated to pH 7.4. This highly virulent 
strain has been used by Opie and Freund (S). Intrave- 
nous injections of 0.5 ml. of a suspension of 1 loopful of 
culture in 5 ml. of saline solution resulted in death of a 
rabbit within 24 days. 

Part of the dried trichinella larvae used was furnished 
by Parke, Davis and Co., Detroit, Michigan; the re- 
mainder was recovered from infected rabbits in our own 
laboratory. For skin testing, a 1 ; 200 weight/volume 
emulsion in normal saline was made with dried powdered 
larvae, and was allowed to stand for 4 hours at room 
temperature, and overnight in the refrigerator at 12“ C. 
The supernatant saline was then removed, placed in sterile 
rubber-stoppered vials, heated in a water bath at 60° C. 
for 1 hour daily on 3 successive days, and tested for 
sterility (2). 

Tuberculin prepared from bovine strains of tubercle 
bacilli was furnished by Sharpe and Dohme, Glenolden, 
Pennsylvania. Purified protein derivative (PPD) of 
human strains of tubercle bacilli, furnished by Dr. Seibert, 
was also used; rabbits infected with bovine strains of 
tubercle bacilli react to this material (6). 
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METHODS 

Experiment 1: Skiu tests 

Groups B and C were fed approximately 2 grams of 
meat wiiich Iiad been obtained from a rat bc.avily infected 
with trichinae 26 days previously. On the following day, 
groups A and C were injected in the groin with 0.1 ml. 
of a suspension of tubercle bacilli.^ Thirty-nine days 
after the injections, the abdomen of the animals was 
clipped, and skin tests were done with 0.1 ml. of a 1 : 100 
dilution of tuberculin in distilled water, with 0.1 ml. of 
physiological saline solution containing 0.005 mgm. PPD, 
with 0.02 ml. of 1 : 200 trichinella antigen, and with 0.1 
ml. of saline solution as a control. Tlie readings were 
made at 20 minutes, 24 liours, and 4S hours. 

Experiment 2: Intensity of trichinella infection 

Forty-five days after the injections, groups A and C 
were kilted with a blow on the head ; the rabbits in group 
B were killed 54 to 64 days after infection witli trichinae. 
Three-tenths to 0.35 gram of muscle was removed from 
the right anterolateral aspect of the diaphragm, and from 
each of the right front and hind legs; 0.25 to 0.3 gram 
of intercostal muscle was removed. Because the degree 
of infection previously found in guinea pigs had varied 
so greatly between the group infected with both trichinosis 
and tuberculosis and the group infected with trichinosis 
alone, the samples were not accurately weighed, but were 
estimated (4), The tissues were examined in a muscle 
press using the 10 X low power objective and 10 X ocular 
lenses in the microscope. The absolute number of tri- 
chinae observed in each sample was recorded. Since the 
muscle press preparations on 2 animals (numbers 22 and 
23 from group C) were negative, approximately 5 grams 
of muscle obtained from various sites in these animals 
was digested with 0.7 per cent pepsin and 1 per cent hy- 
drochloric acid (7). 

Groups E and F were fed 2 grams of trichinous rat 
meat, and the following day groups D and F were in- 
jected with 0.05 ml. of a 5 ml. suspension of tubercle 
bacilli prepared by the method described above. Two 
animals in group E (numbers 13 and 16) were fed 7 
days later than the remainder of the group, and their 
meat was prepared from a different rat. The animals 
were killed 70 to 86 days after infection, and the muscles 
examined in the manner described. Smears were made 
from tuberculous lesions in the lung, the liver, the regional 
lymph nodes, and at the site of injection in the groin. 
Smears were stained by the Ziehl-Neelsen technique, and 
the data recorded by the Gaffky scale. 


2 The suspension was made from 1 medium-sized colony 
of a 6-weeks culture ground with 1 drop of sterile physio- 
logical saline in a small mortar. The suspension was 
subsequently diluted with saline to make the volume 10 
ml. and the large clumps were centrifuged out; the super- 
natant fluid showed 10 to 20 organisms per field with an 
oil-immersion lens. 


JtESULTS 

One aniiDal in group C died before the skin 
tests were done, and 2 animals in group D died 
of intcrcurrent disease before the experiments 
were completed. None of these animals is in- 
cluded in the results. 

In 2 animals in group C (numbers 22 and 23) 
no trichinae were found in any muscle press prep- 
aration, and digestion of muscle revealed no live 
trichinae. One animal from group B, 1 from 
group E, and 2 from group F had very light in- 
fections, 1 to 3 trichinae being seen in muscle 
from 1 site only. 

Each animal in groups A, C, D, and F pre- 
sented gross evidence of tuberculosis at autopsy. 
In 1 animal from group D, and 1 from group F, 
smears of tuberculous lesions were negative; in 
all others acid-fast bacilli were found. 

Experiment 1: Skm tests 

No essential difference in reaction to the 2 
trichinella antigens was noted (Table I). Twelve 


TABLE I 

Skin tests in trichinous and tuberculous rabbits 


Group 

1 

Num-, 

ber 

ani- 

mals 

Tuber- 

culin 

Purified 

protein 

deriva- 

tive 

Trichi- 
nella 
antisen 
no. 1 

Trichi- 
nelia 
antisen 
no. 2 

Saline 

con- 

trol 

A 

(tuberculosis) 

10 

3.2 

3.5 

0.1 

0 

0 

B 

(trichinosis) 

10 

0 

0.1 

1,6 

1 

2.0 

1 

0 

(tuberculosis 
and trichinosis) 

9 

i 

3.6 

4.1 

1 

2.1 

1 

1 

1.1 

0 


The data are the arithmetic means of the scores^ of skin 
tests on a scale of 0 to 4 plus; doubtful (±) reactions are 
calculated afe negative (0). _ • 

Trichinella antigen no. 1 was prepared in our own labora- 
tory; the larvae of antigen no. 2 were furnished by Parke, 
Davis and Co. 

animals gave immediate positive skin reactions to 
trichinella antigen at 20 minutes; 11 animals gave 
1 plus or greater reactions at 24 or 48 hours. 
Five animals, proved by muscle press prepara- 
tions to be infected, gave negative skin reactions 
at all 3 periods to both antigens. One infected 
animal which failed to react at 20 minutes, gave a 
positive reaction at 24 hours, while 3 animals 
positive at 20 minutes failed to give reactions at 
24 and 48 hours. One false positive reaction (1 
plus) to a single trichinella antigen was encoun- 
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tered in a tuberculous animal which had not been 
fed trichinae. 

No difference in reactions to bovine tuberculin 
and human PPD was noted in the infected ani- 
mals. None of the tuberculous animals gave im- 
mediate reactions to either antigen, and only 1 
animal gave a 1 plus reaction; all of the other 
animals gave 3 or 4 plus tests. No false positive 
reaction to tuberculin or PPD was encountered 
in non-tuberculous animals. 

Experiment 2: Intensity of Irichinella infection 

No essential difference in intensity of trichinous 
infections was found between groups B and C, 
and between groups E and F (Table II). This 

TABLE n 


Density of trichindla infection of muscle 


Group 

Num- 

ber 

ani- 

mals 

Dia- 

phragm 

Inter- 

costal 

Front 

leg 

Hind 

leg 

AU 

sites 

B 

(trichinosis) 

! 10 

1 6S.3 

14.2 

i 

28.5 

! 17.6 

31.4 

(trichinosis 

and 

tuberculosis) 

9 

42.9 

4.2 

12.1 

5.9 

16.3 

E 

(trichinosis) , 

F 

1 

10 

(8) 

1 

174.4 1 
(125.0) 

i 

68.8 , 
(60.1) 

76.5 
(45.2) j 

i 

60.8 , 
(24.6) 

95.1 

(63.7) 

(trichinosis 

and 

tuberculosis) 

10 

114.0 

43.7 

42.2 

15.7 

53.9 


The data are the arithmetic means of the counts of larvae 
as seen m the muscle press. Groups B and C were fed on 
and groups E and F on another occasion. 
.-.Ku-r® group E have also been calculated omitting 

raoDite number 13 and 16 which were fed from a more 
Mvily infected rat 7 days later than the remainder of the 
^?ta are recorded in parentheses for more 
accurate companson with group F. 

was true for the counts of trichinae in muscle 
rom any single site, as well as for all sites cal- 
culated together. 

^ No difference in intensity of tuberculous infec- 
tion was noted behveen groups D and F either in 
t e number and extent of gross lesions, or in the 
uum er of organisms seen on smears of the lesions. 

DISCUSSION 

No biologic cross reaction between Mycobac- 
criioH tuberculosis and Trichinella spiralis -was 
detected by skin tests in rabbits. Judged by the 


extent of positive reactions to the concentrations 
of antigens used, tuberculin and PPD are more 
specific for tuberculosis than is trichinella an- 
tigen for trichinosis. The failure of 4 animals 
with proved trichinosis to react to trichinella skin 
tests could not be accounted for either by over- 
whelming or by very light infections. Only 1 of 
these animals had a very light infection ; the other 
3 had infections which were average in density. 
A single animal gave an immediate false positive 
skin reaction to one trichinella antigen, though no 
trichinae had been fed to it. 

The differences in reaction to trichinella anti- 
gen at 20 minutes, 24 hours and 48 hours are of 
interest in the light of experiments recently per- 
formed on dogs, using trichinella antigen digested 
with pepsin or trypsin, and presumably containing 
no reaginic protein (8). It is impossible at this 
time to say whether the immediate reactions at 
20 minutes in rabbits are due to carbohydrate and 
the late reactions at 24 and 48 hours to protein, 
as the experiments in dogs might suggest. 

Further experiments have been carried out in 
orphanage and prison groups, in order to compare 
the tuberculin and trichinella skin reactions in 
non-tuberculous, non-psychiatric institutionalized 
persons. These clinical experiments, which are 
being reported separately (3), confirm the animal 
experiments reported here; no biologic cross re- 
action seems to exist between the 2 infectious 
agents. 

The experiments in rabbits infected simultane- 
ously with bovine Mycobacterium tuberculosis and 
Trichmella spiralis reported here do not confirm 
the previously reported experiment in guinea pigs 
infected simultaneously- with human Mycobacte- 
rium tuberculosis and Trichinella spiralis (4). 
The density of trichinous infection in rabbits si- 
multaneously infected with trichinosis and tuber- 
culosis was not found to be greater than that in 
rabbits infected with trichinosis alone. 

SUMMARY 

1. No biologic cross reaction was detected by 
skin tests in rabbits infected simultaneously with 
bovine Mycobacterium tuberculosis and Trichi- 
nella spiralis. 

2. Simultaneous infection with bovine tubercu- 
losis did not increase the intensity of trichinous 
infections in rabbits. 
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In the course of a previous investigation, posi- 
tive trichinella skin tests which could not be ac- 
counted for by a history of known infection w'ere 
encountered (1). An attempt was made to ex- 
plain these findings by inducing reactivity in non- 
infected animals through repeated feedings of 
antigen (2). Killed larvae of Trichinella spiralis, 
presumably containing denatured (cooked) or un- 
denatured (frozen) antigen, were fed to guinea 
pigs and rabbits. Attempts to demonstrate re- 
activity in these animals by skin tests and floccula- 
tion tests on the blood serum were unsuccessful. 
Because some investigators have found that diges- 
tion may alter the reactivity of pollens, it was 
thought that the negative results might have been 
due to digestion of the trichinella antigen (3, 4). 
The present study was undertaken to determine 
whether or not peptic or tryptic digestion would 
deactivate the antigen of killed trichinae. 

MATERIALS 

Animals 

Fifteen young dogs weighing 5 to IS kgm. were de- 
wornied and divided into 3 groups of 5 each (groups A, 
B, and C). A fourth group of 15 dogs (group D) which 
had not been de-wormed was used as a control. All 
animals were fed a stock diet (Hunt Qub Dog Food, 
Maritime Milling Co., Inc., Buffalo, N. Y.) 

Trichinella larvae 

The strain of Trichinella spiralis which we employed 
was obtained from the National Institute of Health and 
was carried in albino rats. Rabbits were given 1 feeding 
of trichinae-infected rat meat, and 8 weeks later were 
killed, skinned, and eviscerated. The muscle was re- 
moved, ground, and digested at 37° C. for 6 hours in a 
Solution of 0.7 per cent pepsin and 1.0 per cent hydro- 
chloric acid (5). The larvae were washed repeatedly in 
normal saline until the solution was biuret-negative, and 
were then frozen at —78° C. for 72 hours in carbon- 
dioxide ice, dried in a desiccator, and powdered. 


'This study was aided by a grant from the John and 
Mary R, Markle Foundation. 


METHODS 

Preparation of the alkaline-trypsin digested antigen 

Fifty mgm. of powdered trichinae were incubated for 
48 hours with 5 ml. of 5 per cent trypsin (Armour and 
Co., Chicago, III.) in a 0.3 per cent sodium carbonate 
solution at 37° C. under anaerobic conditions. The an- 
aerobic environment was chosen because Rockwell has 
suggested that oxidation may destroy antigenicity (6). 
As soon as the trichinae were added, a 22 X 200 mm. 
test tube was inverted over the 10 X 100 mm. unstoppered 
tube containing the digestion mixture, and a cotton plug 
was pushed into the larger tube to hold the smaller tube 
in place. The mouth of the larger tube was then placed in 
a beaker containing a mixture of pyrogallic acid powder 
and sodium hydro.xide pellets. About 10 to IS ml, of 
water were added to the reagents, and melted paraffin 
was poured on its surface. As the oxygen was utilized, 
the fluid column rose, effectively sealing the tube. 

After digestion, the mixture was centrifuged for 30 
minutes at approximately 3,000 RPM. The supernatant 
fluid was then removed with a pipet and neutralized to 
litmus with 5 per cent hydrochloric acid. SufHcient 
phenol was added as a preservative to make a final con- 
centration of 0.04 per cent. A biuret test on the sediment 
was negative; the sediment was discarded. 

A test for sterility on the solution of digested antigen 
revealed Gram-positive spore-bearing rods which were 
not further identified. Because of the contamination, the 
antigen was frozen for 48 hours in carbon-dioxide ice. 
A subsequent sterility test was negative. The Gram- 
positive bacilli were formd to be a contaminant in the 
trypsin powder. 

Preparation of the acid-pepsin digested antigen 
Fifty mgm. of powdered trichinae were incubated for 
48 hours with 5 ml. of 0.7 per cent pepsin (Merck, N.F. 
Granular) in 1 per cent hydrochloric acid at 37° C. 
under anaerobic conditions, by the method described above. 
The supernatant fluid, after centrifugation, rvas neutral- 
ized to litmus with 5 per cent sodium hydroxide. The 
sediment left after centrifugation was found to be very 
slightly biuret-positive; it was then discarded. 

A sterility test on the digested antigen was negative, 
but in order to maintain conditions identical with the 
alkaline-trypsin digestion, the antigen was frozen for 
48 hours in carbon-dioxide ice. 

Preparation of the control antigen 

Twenty-five mgm. of powdered trichinae were incu- 
bated anaerobically for 48 hours in 2S ml. of sterile 0.8 
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per cent sodium chloride solution. TIic mixture was 
then centrifuged and frozen exactly as in the preparation 
of the digested antigens. A biuret test on the sediment 
was strongly positive. A sterility test on the ineubated 
antigen was negative. 

Iiijcclioits 

Group A received the allralinc-trypsin digested anti- 
gen, group B the acid-pepsin digested antigen, and group 
C the undigested control antigen. Each animal was given 
an initial subcutaneous injection of 0.1 ml. of its re- 
spective antigen in the left pectoral region. One dog 
from each group (dogs 5, 10, and 14) was also given 
0.1 ml. of its respective antigen intravenously on the same 
daj', without reaction. Beginning 3 days later, all ani- 
mals were given 3 successive daily intravenous injections 
of 0.1 ml. of their respective antigen, a total of 0.4 ml. of 
antigen to each dog, except dogs 5, 10, and 14, which re- 
ceived 0.5 ml. 

Skill icsls 

In order to avoid the possibility of sensitization, no 
skin tests were performed before the injections were 
given. Nineteen days after the last intravenous injection, 
the abdomen of each animal in groups A, B, and C was 
clipped, and a skin test was done on each animal with a 
1 : 100 dilution of antigen, prepared from desiccated and 
powdered trichinae recovered from the same rabbit that 
supplied the trichinae for the injected antigen. At the 
same time, each animal was given a skin test with a sa- 
line control. Subsequent skin tests witli a 1:200 'dilution 
of antigen from another rabbit were done at intervals 
of approximately 1 week through the sixth week after 
the last intravenous injection. All antigens used were 
found to give 4 plus reactions in a dog known to be in- 
fected with trichinae. 

The reactions were read at 20 minutes. A 1 cm. wheal 
with surrounding erythema was considered to be a 1 plus 
reaction, if the skin test with a saline control produced a 
wheal less than 8 mm. in diameter. Reactions were 
graded progressively from 1 plus to 4 plus. 

As a further control against non-specific or group skin 
reactions, 15 additional dogs (group D) which had not 
been de- wormed, or given any injections of antigen, were 
given skin tests with a 1 : 200 dilution of antigen. 

Flocculation tests 

Preliminary flocculation tests were done on the serum 
obtained from each dog in groups A, B, and C 9 days 
before the injections of antigen were bepn. Eleven days 
after completion of the intravenous injections, 5 ml. of 
blood were obtained from the antecubital vein of eaA 
dog. The serum was separated and inactivated at 56'’ C. 
for 30 minutes. Tests were performed according to the 
technique of Suessenguth and Kline (7), except that the 
rotation was continued for at least 10 minutes. Judging 
by the negative control, this longer time interval^ did not 
give false positive results. Minimal but definite floc- 
culation which could be seen only under the microscope 


was considered a doubtful reaction (rh)- Flocculation 
tests were repeated at intervals of approximately 1 week 
through the sixth week after the last intravenous in- 
jection, 

RESULTS 

Skin tests 

In 13 of tile 15 dogs in groups A, B, and C, skin 
tests were found to be positive on the nineteenth 
day after the initial injection, and continued to be 
positive for the duration of the experiment (Table 
I). One animal (dog 5) in group A (alkaline- 


TABtE I 
Skin tests 



Dos 

D.ij' 8 fo))Dwins Jflltial injection 

19 

24 

30 

41 

Group A 

1 

+ -h 


+ 

4-4- 4- 4- 

Alkaline- 

2 

+ + + 

++++ 

-k-f-'i-'i' 

-k-k 

trypsin 

3 

+ , 

++++ 

4- 4- 4- 4- 

-k-k-k-k 

digested 

4 

+ + 

++ 

+ 

-k-k-k-k 

antigen 

5 

0 

0 



Group B 

6 

+ 

•+■-1' + 

+ + 

+ + 

Acid-pepsin 

7 

+ 

-1-+ 

-k4--i-4- 

4- 4- 4-4- 

digested 

8 

+ 

0 


4-4- 

antigen 

9 

0 

-f 

4- 

+ 


10 

1 + 

1 

i + 

4- 4- 4- 4- 

Group C 

11 

■+• + + 

+-f 

4-4- 

4-4- 

Saline 

1 12 

+ 

+++ 

4 — h-k 

4-4- 

antigen 

13 

+ 

4-4 — h 

4-4- 

4- 4- 4- 4- 

control 

14 

+ 

4-4- 

4-4- 

4- 4-4- 4- 


15 

H — i- 

4- 4- 4- 4- 

-k-k-k-k 

4- 4- 4- 4- 


trypsin digested antigen) failed to develop a defi- 
nitely positive skin test during the 6-week period 
of observation. One animal (dog 9) in group B 
(acid-pepsin digested antigen) failed to react at 
19 days, but subsequently developed a positive 
skin test. No difference in the extent of reactions 
was noted among the 3 test groups. 

Of the 15 dogs in group D (the control group of 
dogs which had not been de-wormed and had not 
received injections of antigen), 5 gave negative re- 
actions, 5 gave doubtful (dc) reactions, 4 gave 1 
plus reactions, and 1 gave a 2 plus reaction at 20 
minutes. Two gave 1 plus reactions at 24 hours. 

Flocculation tests 

Preliminary flocculation tests on the sera of all 
dogs in groups A, B, and C were negative (Table 
II). On the twenty-first day, tests on all these 
dogs gave at least doubtful reactions. No striking 
difference in the flocculation tests was.noted among 
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Bachman reported that the active antigenic 
fraction of trichinae is a glucoprotein, a substance 
chemically similar to mucin and containing car- 
bohydrate in the molecule. He did not attempt 
to split the compound and study the protein and 
carbohydrate fractions separately (14). Cross- 
reactions between trichinae and other parasites, 
which occur at low dilutions of antigen (1 : 100), 
tend to disappear at high dilutions ( 1 : 10,000) 
(15) . It is not known whether the cross-reactions 
are associated with a polysaccharide or with a pro- 
tein fraction. 

Proteolytic digestion of the trichinella antigen 
employed for skin tests may be found to reduce the 
incidence of non-specific false positive reactions 
commonly encountered with the protein-containing 
antigen now used. 

The relative seusitivity of shin test and serologic 
methods 

The fact that the skin tests gave more strongly 
positive reactions than the flocculation tests may 
indicate that the skin gives a greater quantitative, 
response, and hence that the skin test is more sen- 
sitive. However, dogs k-nown to be infected give 
4 plus reactions to both skin and flocculation tests. 
The difference in intensity of reaction between the 
flocculation tests and the skin tests might be ex- 
plained on the basis of 2 antigens, one elaborated 
continuously by the living larvae and resulting in 
flocculating antibodies; the other, an incomplete 
antigen incapable by itself of producing flocculating 
antibodies, and requiring the presence of another 
antigen not found in extracted whole killed trichi- 
nae but present in living trichinae. Recent experi- 
ments by Roth suggest that precipitation of low 
titer immune serum around living trichinae is a 
more sensitive test than precipitation produced by 
antigen from dead parasites (16). 


SUMMARY 

1. Acid-pepsin and alkaline-trypsin digestion of 
Trichinella spiralis antigen did not destroy its an- 
tigenicity for dogs, as measured by skin tests and 

flocculation tests on serum. ^ 

The more marked reactivity of the skin test 


as compared with the flocculation test suggests that 
the same antigen may not be responsible for both 
reactions. 

3. The failure of proteolytic digestion to destroy 
the antigens suggests that the antigenic fraction of 
Trichinella spiralis is not solely a protein. 
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Plasmoquine, 6-methoxy'8- ( l-methyl-4-diethyI- 
amino)butyl-aminoquinoline, has been assigned the 
name "Pamaquine” by the United States Pharma- 
copea XII, and will be so referred to in this pres- 
entation. This anti-malarial has been so fre- 
quently discussed in the literature that a detailed 
review of its history will not be included here. 
Reference will be made only to those papers which 
bear directly upon the subject of this report. 

In 1931, James et al (1, 2) conducted a series 
of experiments which showed that pamaquine in 
doses of 80 mgm. per day on a 1-1-6 regime (that 
is, administered on the day before, the day of, and 
for 6 days after inoculation with sporozoites) acted 
as a true causal prophylactic for both vivax and 
jalciparum inoculations (Roumanian strain). 
This work is summarized in Table I. It will be 
noted that the number of subjects tested was small. 
In view of this fact, and because of the importance 
of the results obtained, it is surprising that de- 
spite the reputation for toxicity which the drug had 
acquired, it was not explored further until a de- 
cision was made by the Panel on Clinical Testing 
of Anti-malarials of the Committee on Medical 
Research to reevaluate this drug. This project 
was assigned the task of repeating and expanding 
the study of James during the summer of 1944. 
The information obtained to date forms the basis 
of this report. 

materials and methods 

(o) Drug. Pamaquine naphthoate was the compound 
employed throughout this study. Approximately 45 per 
cent of this salt is considered to be active base. Conse- 
quently, dividing our doses by 2 yields a figure for com- 
parison with doses generally referred to in the literature. 
The original lot of drug employed was supplied in the 

^ Work done under contract with the Office of Scientific 
Research and Development 

- Lieutenant Colonel, M.C., A.U.S. 

Associate Professor of Preventive Medicine. 

* Captain, M.C., A.U.S. 

'^Principal Malariologist, T.V.A, 


form of 20-mgm. tablets. A second lot came as powder, 
and was capsulated locally. Both drug lots had such 
similar assays that they may be considered identical. 

(b) Plasma concentrations. The plasma concentra- 
tion of pamaquine was usually determined daily by means 
of a macrocolorimetric method (3) devised by Brodie 
cl al.^ 

(c) Subjects. Thirty-six white and colored males and 
females, who were relatively normal except for central 
nervous system syphilis, were employed in these experi- 
ments. Their ages ranged from 14 to 60 years. Each re- 
ceived complete physical, hematological, and blood chem- 
istry examinations, urinalysis, x-rays of the chest, and 
electrocardiographic studies prior to the institution of 
treatment Subsequently, these tests (except for the 
roentgenograms) were performed daily until experience 
indicated that with the exceptions of determinations of 
methemoglobin, plasma bilirubin, hematocrit indices, and 
leukocyte counts, such extensive tests were unnecessary, 
and they were discontinued as routine procedures. 

(d) Methemoglobin. Methemoglobin. formation is 
known to occur regularly during pamaquine administra- 
tion. Since this may be a factor in the serious toxic re- 
actions ascribed to the drug, it was considered necessary 
to determine its concentration daily. These determina- 
tions were performed by means of a simple procedure de- 
vised by Wendel (4). The test utilizes a photoelectric 
colorimeter, and requires only small amounts of blood. 

(c) Parasitological methods. Inoculations were gen- 
erally performed on the second day of treatment, although 
exceptions to this rule will be noted in the tabula’ted data. 
Laboratory-bred Anopheles quadrimaculatus, infected by 
feeding on patients with either P. vivax (McCoy) or P. 
falciparum (Costa) parasites, were allowed to inoculate 
by feeding. The mosquitoes were then killed, dissected, 
and the sporozoite content of their salivary glands esti- 
mated by a scale of pluses ranging from 1 (minimal) to 4 
(maximal). Although in obvious excess, a goal of 16 
pluses was sought for each infection. When necessary 
(and available) additional mosquitoes were fed on the 
same subject if the initial inoetdum was less than 12 pluses. 
Ordinarily, P. vivax was reserved for whites and P. 
falciparum for negroes. However, it was sometimes nec- 
essary to use P. falciparum in whites, but no mishaps 
occurred. 

® Dr. William B. Wendel, formerly of the Department 
of Biochemistry of the Universitj' of Tetmessee College 
of Medicine, supervised all of our plasma level deter- 
minations. 
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TABLE 1* 

Pamaquine as a true causal prophylactic (Summary oj the experiments of Col. James) 


1 

Group 

Number of 
cases 

Doses'** 

Duration of administration 
-i 1 

Protection afforded («.?., no evidence malaria) 

Totnl 

D.iys nfler doy 
of bltlnz 

Immediate 
(up to 30 days) 

I.ate 

(followed up to 3 years) 



crams 

days 


1 

[ Tio. fer cent 

no. Per cent 


P. I'hax 


I 

Not given 

0.08 

8 

6 

All 

100 



(0.08 first 3 days* 0.06 

last 5 days) 



II 

10 

0.06 

/ 

5 

10 


III 

5 

0.04 

10 

8 

5 


IV 

2 

0.04 

7 

5 

1 


V 

4 

0.04 

5 

3 

2 


VI 

5 

0.04 

4 

2 

1 

20 

VII 

3 

0.08 evening before infection 

2 

67 

(Roumanian strain) 

O.OS at time of infection 





(no other doses) 





All 


100 


5 


SO 


Not tested 
Not reported 
Not reported 
Not reported 
0 I 


0 


P.jalciparum 


I 1 

1 

Not given 

0.08 1 8 1 6 
(0.08 first 3 days, 0.06 last S days) i 

All I 

1 

100 

All 

100 

VIII 1 
(Roumai 

5 

aian strain) 

0.08 j 

1 

6 1 

1 

4 

5 

100 

1 5 

1 

' 100 

t 


* From a summary prepared by Dr. Thomas C. Butler for the Board for the Coordination of Malarial Studies. 
** Presumed to be base, and thus equivalent to about 45 per cent of the naphthoate. 


Each patient had a pretreatment negative thick film 
examination for malaria parasites. Similar smears were 
examined daily from the seventh postinoculation day un- 
til discharge from the hospital. All negatives were fol- 
lowed for at least 30 days in the hospital, and at intervals 
thereafter, depending upon the location of the individual’s 
home or place of custodial hospitalization. Prior to the 
employment of penicillin for the treatment of the patients’ 
neuro-syphilis, 3 subjects received trophozoite inocula- 
tions after 31 to 34 days of negative observation. The 
malarial course of each of these was perfectly normal. 

Although it had been shown that penicillin had no 
effect upon malaria trophozoites (5, 6), no information 
was available concerning its action on sporozoite or 
“exoerythrocytic” forms. Consequently, 2 patients were 
given, in divided doses, 240,000 units of penicillin on each 
of 10 days. On the second day, one patient was inocu- 
lated by mosquitoes with sporozoites of P. vivax (Mc- 
Coy), and the other with P. falciparum (Costa). Both 
developed malarial infections within normal prepatent 
periods, and so it was felt that the subsequent expression 
of infections in our experimental subjects was not in- 
fluenced by intensive penicillin therapy received during 
the early prepatent phase. 

RESULTS 

The results of the experiments will be presented 
in relation to each of the parasite species employed, 


and in order of increasing drug dosage. This is 
not the chronological order of experimentation, 
but probably represents a more rational approach 
for the reader. 

(a) Experiments with P. vivax (McCoy). The 
trials with P. vivax (McCoy) are summarized in 
Table II. Two patients who received 160 mgra. 
of pamaquine naphthoate a day for the second to 
sixth postinoculation days had prepatent periods 
of 15 and 19 days. Although slightly longer than 
usual, these periods are not significantly different 
from those normally encountered. This experi- 
ment was designed to test the thesis that pamaquine 
acted against other than sporozoite and tropho- 
zoite forms. The results in these 2 patients do not 
indicate that such, at least, is the sole case. 

In order to determine whether the activity of 
pamaquine depended upon a slowly excreted deg- 
radation product, 180 mgm. were administered 
daily for 8 days to 1 patient. Inoculation was ac- 
complished on the ninth day, and 12 days later 
he developed a demonstrable parasitemia. In this 
instance, at least, the hypothesis appears to have 
been unfounded. 


















PAMAQUINE NAPHTHOATE FOR MALARIA PROPHYLAXIS 


79 


Another patient, receiving 180 mgm. of pama- 
quine naphthoate a day, was inoculated on the 
second of the 2 days in which he received this dose. 
The appearance of an acute hemolytic anemia then 
necessitated drug withdrawal; parasitemia was 
evident on the eleventh postinoculation day. 

One patient was given 160 mgm. of drug on the 
day before, tlie day of, and for 2 days following 
inoculation. The development of severe abdominal 
pain necessitated stoppage of the medication. He 
developed malaria on the eighteenth postinocula- 
tion day. 

One patient was inoculated on the fourth of an 
8-day course of 180 mgm. of pamaquine naph- 
thoate daily. This was considered to represent a 
plasma mixture of “fresh” and “degraded” drug. 
Malaria was apparent on the twenty-third day, 
somewhat later than the normally expected date. 

One subject received 80, and another 120 mgm. 
of pamaquine naphthoate daily on the day before, 


the day of, and for 5 days following inoculation. 
The former developed malaria on the fourteenth, 
and the latter on the sixteenth day. In view of 
other similar experiments {vide -infra) these dos- 
ages appear to have been indaequate. 

Another patient was given 160 mgm. of pama- 
quine naphthoate daily on the same schedule as 
the 2 patients just described. After 34 negative 
days he received an intravenous inoculation of P. 
vivax (McCoy) trophozoites, and a normal ma- 
larial course ensued. Two hundred and thirty 
days later he was admitted for a malarial attack. 
Since blood-induced infections do not ordinarily 
relapse, this probably represents a break-through 
of the original sporozoite inoculation, but the 
slight factor of uncertainty eliminates this patient 
from further consideration. 

Five patients were administered 160 mgm. of 
pamaquine naphthoate for each of 3 days, and then 
120 mgm. daily for 5 days. Inoculation was per- 


TABLE n 

Summary of prophylaxis trials -with pamaquine naphthoate vs. P, vivax (McCoy) 


Drug 

schedule 


0- 0-0-S*»» 

8 - 0-0 

1 - 1-0 
1 - 1-2 
3-1-4 
1-1-5 

1 - 1-6 


Pa- 

tient 


Race 


Age 


SHE 

JOH 

BYR 

JOR 

STA 

PER 

STE 

BAK 

PHI 

MOO 

WIL 


POR 

LEW 

HAL 

BAS 

JER 

McC 

SIM 

BEA 


W 

W 

W 

C 

w 

w 

w 

w 

w 

w 

w 


w 

w 

w 

w 

w 

w 

w 

w 


Wgt. 


yrs. 

32 

40 

SO 

38 
26 

24 

40 

25 

39 

24 

49 


ftgm. 

77 

66 

65 

55 

58 

74 

83 

64 

65 

80 

71 


60 

74 

69 

69 

SO 

60 

74 

65 


Dosage 

Num- 

ber 

days 

Num. 

ber 

doses 

Mg. 

per 

kg.* 

Total 

dose 

Sporo- 

aoite 

doses** 

Pre- 

patent 

days 

Days 

neg. 

obs. 

Remarks 





grams 





40 mgm. q. 6 h. 

5 

20 

2.1 

0.8 

14 

15 


fDrug during 2nd-6th 


5 

20 

2.4 

0.8 

15 

19 


\post-inoc. days 

22.5 mgm. q. 3 h. 

8 

64 

2.8 

1.44 

12 

12 


• 

22.5 mgm. q. 3 h. 

2 

16 

3.3 

0.36 

19 

! “ 


Hemolytic anemia 

40 mgm. q. 6 h. 

4 

16 

2.8 

0.64 

20 

18 


Severe abd. pain 

22.5 mgm. q. 3 h. 

, 8 

64 

2.4 

1.44 

16 

23 


1 

20 mgm. q. 6 h. 

n 

28 

1.0 

0.56 

20 

14 


j 

20 mgm. q. 4 h. 

H 

42 

1.9 

0.84 

20 

16 



40 mgm. q. 6 h. 

mm 

28 

2.5 

1.12 

16 


34 

Troph. inoc. 35th day 

40 mgm. q. 6 h.. 

8 

40 

2.0 

1.04 

17 

248 



■ X 12, 20 mgm.. 

8 

40 

2.3 

1.04 

16 

194 



Iq. 4 h. X 28 









f40 mgm. q. 6 h. 

8 

42 

2.7 

1.08 

18 


445 


■ X 12, 20 mgm. 

8 

42 

2.2 

1.08 

16 


443 


[q. 4 h. X 30 

8 

42 

2.3 

1.08 

20 


413 



8 

64 

2.6 

1.44 

17 

22 




8 

64 

3.6 

1.44 

18 

262 



22.5 mgm. q. 3 h. 

8 

64 

3.0 

1.44 

17 

209 




8 

64 

2.4 

1.44 

19 


121 



8 

64 

2.8 

1.44 

18 


187 



the fireTday of doses were employed, this figure was based upon the amount of drug administered during 

Mintrat of salivary glands of infecting mosquitoes estimated by scale of pluses ranging from one 
tminmal) to four (m^mal). This colutnn repeats total for the individual patient. 

to the posti^oSilatiM peri^'^ preinoculation period, the second, to the day of inoculation, and those that follow 
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formed on the second day. None of this group 
suffered an immediate primary attack. One had a 
delayed primary episode at 194 days, another at 
248 days, while the remaining 3 have now been 
followed for 413, 443, and 445 days respectively, 
wthout demonstrable evidence of malaria. Since 
no untreated patient on this sendee has ever failed 
to develop malaria within less than 20 days after 
mosquito inoculation, these results are of con- 
siderable significance. 

Five patients received 180 mgm. of pamaquine 
naphthoate daily for 8 days with inoculation on the 
second day. One of these developed clinical ma- 
laria on the twent)'-second day, another at 209 
days, and the third at 262 days. The other 2 have 
not developed demonstrable infections during 121 
and 187 obsen^ation days, respectively. 

In wew of the small numbers of subjects dealt 
with, no attempt will be made to explain the differ- 
ences in the results obtained in the last 2 groups. 

Four random-selected, untreated patients who 
received similar F. vlvax (McCoy) inoculations 
at various times during this study had prepatent 
periods of 11 to 16 days. 


{h) Experiments with P, falciparum {Costa). 
The experiments with this species are summarized 
in Table III. 

One patient received 160 mgm. of pamaquine 
naphthoate on the day of inoculation only, and 
developed malaria 11 days later. The mosquitoes 
were fed midway during the drug course. In an- 
other instance, inoculation occurred after the ad- 
ministration of 157.5 mgm. of pamaquine naph- 
thoate, when the drug had to be stopped because 
of what was interpreted as a severe lumbar punc- 
ture reaction. Malaria was evident 9 days later. 

Of 2 patients who received 160 mgm. of drug a 
day for 3 days (inoculation on the second day), 
one liad a prepatent period of 14 days, whereas the 
other has been negative for 489 days. The latter 
received the smallest sporozoite dose (8+) of any 
patient in our series, but such inocula ordinarily 
are sufficient to produce infection. 

One subject, whose drug had to be withdrawn 
after 4 days on the 160 mgm. schedule because of 
an acute hemolytic anemia, developed malaria on 
the thirteenth day. Inoculation, as usual, was 
done on the second day. 


TABLE in* 

Stmmary of prophylaxis trials with pamaquine naphthoate r5. P. falciparum {Costa) 


Drug 1 
sched- 
ule 

Pa- 

tient 





Num- 

• Num- 

• Mgm, 

• Total 
dose 

Sporo- 

Pre- 

Days 

Remarks 

Race 

Age 

Wgt. 

Dosage 

her 

days 

her 

dose: 

per 

5 kgm. 

zoite 

dose 

patenl 

days 

^ ncg. 
ob5. 




yrs* 

kem. 





grornj 


11 



0-1-0 

BAK 

w 

25 

68 

40 mgm. q. 6 h. 

1 

4 

2.4 

0.16 

26 



1-0-0 

CIT 

w 

33 

59 

22.5 mgm. q. 3 h. 

1 

7 

3.1 

0.157 

15 

9 


Drug stopped. LPRe- 











action 

1-1-1 

coo 

SLA 

c 

w 

19 

52 

57 

60 

40 mgm. q. 6 h. 

3 

3 

12 

12 

2.8 

2.7 

0.48 

0.48 

8 

27 

14 

489 


1-1-2 

BRO 

c 

41 

51 

40 mgm. q. 6 h. 

4 

15 ; 

3.0 

0.6 

21 

1 

13 


Hemolytic anemia 

1-1-3 

SMI 

w 

42 

! 60 

22.5 mgm. q. 3 h. 

5 

40 

3.0 

0.9 

1 20 


226 ' 


4-1-3 

MOR 

c 

48 

60 

22.5 mgm. q. 3 h. 

8 

64 

3.0 

1.44 

11 


254 


1-1-4 

JAC 

[HOL 

1 

c 

c 

1 

49 

,44 

63 

53 

22.5 mgm. q. 3 h. 

6 

6 

48 

48 

2.9 

3.4 

1.08 

1.08 

24 

17 


232 

158** 


1-1-5 

LEF 

JON 

BUT 

c 


48 


7 

28 

3.3 

1.12 

14 


31 

Troph. inoc. 32nd day 

c 

c 

36 

14 

42 

53 

40 mgm. q. 6 h. 

7 

7 

28 

28 

3.8 

3.0 

1.12 

1.12 

14 

16 


31 

483 

Troph. inoc. 32nd day 

-1-6 

WEL 

RIN 

c 

w 

31 

40 

60 

72- 

/40 mgm. q. 6 h. X 12, 
\20 mgm. q. 4 h. X 30 

8 

8 

40 

42 

2.7 

2.2 

1.04 

1.08 

13 

21 


455 

349 



DAV 

PRO 

ScH 

c 

w 

w 

30 

34 

45 

61 

69 

54 

22.5 mgm. q. 3 h. 

8 

8 

8 

64 

64 

64 

3.0 

2.6 

3.3 

1.44 

1.44 

1.44 

20 

20 

20 


245 

181 

221 



* Table II footnotes apply to Table III. ** Died subsequently of non-malarial condition. 
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TABLE IV 

Flasma concentrations of pamaquine expressed as gammas per liter 


Mem, 


Day 

per 

Patient* 













day 


1 »» 

2 

3 

II 

5 

6 

7 

8 

9 

10 

11 

Ave. 

160 

BRO 

_ 

141 

180 

180 

270*** 

33 

— 

24 

0 



138 


SLA 

_ 

75 

52 

52 

270 

0 






112 


JOH 

0 

52 

37 


88 

81 

— 





65 


SHE 


52 

37 


78 

75 

— 





61 


STA 

— 

60 

90 


ISO*** 

0 






98 

160 

HAL 

_ 

36 

52 


40 

33 

33 

30 

33 

0 


41 

+ 

LEW 

0 

82 

120 

165 

75 

82 

381 


60 

30 

0 

124 

120 

MOO 

0 

30 

52 

30 

— 

75 

36 

ISO 

30 

0 


58 


FOR 

0 

33 

24 

52 

30 

37 

36 

60 

30 

0 


38 


RIN 

0 

33 


36 

33 

10 

24 

30 

30 

0 


25 


WEL 

0 

82 

82 

■nn 

— 

120 

33 

36 

30 

0 


70 


WIL 

0 



180 

180 

165 

138 

ISO 

24 

0 


140 

180 

BAS 

0 

81 

75 

__ 

45 

157 

81 

162 

75 

0 


97 


BEA 

0 

81 

135 

141 

135 

— 

141 

ISO 

165 

0 


135 


BYR 



78 

— 

138 

165 

165 

165 

270 

210 

— 

0 

170 


CIT 


45 

0 









45 


DAY 

0 

790 

1,000 

1,320 

— 

1,440 

1,440 

1,200 

1,190 

330 

180 

1,197**** 


PER 

0 

75 

81 

81 

78 



114 

150 

135 

0 


102 


HOL 


150 

90 

81 

ISO 

135 

135 

— 

0 



124 


JAC 

■9 

180 


135 

286 

243 

286 

— 

0 



226 


JER 

■■ 

78 

— 

ISO 

135 

135 

141 

165 

81 

0 


126 


JOR 


81 

135*** 

— 

0 







108 


MOR 


231 

237 

189 

165 


286 

243 

210 

45 

0 

201 


PRO 


60 

45 

60 


105 

120 

160 

82 

0 


90 


ScH 

■■ 

82 

82 

120 

— 

160 

135 

125 

135 

0 


120 


SMI 


150 

264 

150 

135 

135 

0 





167 


SIM 


60 

60 

60 

95 

... 

105 

SO 

115 

0 


78 


McC 

m 

82 

105 

60 

60 

— 

82 

40 

135 

0 


81 


* Identification corresponds to Tables II and III. 

The day drug administration was begun but prior to the first dose. — not done, 0 no drug detectable in plasma. 

* * stopped. 

Determination of plasma concentration not done on 12th day and not detectable on 13th day. 


In the next group, both patients received drug 
for 3 days following the day of inoculation, but 
whereas one had been treated for 3 days prior to 
that date, the other received the drug for only 1 
day before inoculation. The dose was 180 mgm. a 
day. Neither has developed malaria during 254 
and 184 days of observation. 

Two others who received 180 mgm. of pama- 
quine naphthoate on the day before, the day of, 
and for 4 days following inoculation, have been 
free of disease for 158^ and 189 days, respectively. 

Of 3 patients who received 160 mgm. of drug 
for 7 days (inoculated on the second day), 2 were 
given trophozoites intravenously after 31 days of 
negative observation, and so have been dropped 
from the study, while the third has been free of 
nialaria for 483 days. 

Two sub jects have had no demonstrable malaria 
Died subsequently of nommalarial condition. 


for 349 and 455 days following a drug schedule of 
160 mgm. a day for 3 days, followed by 120 mgm. 
for each of 5 days. Inoculation was accomplished 
on the second day. 

Three patients who were on the 8-day, 180 
mgm. daily schedule have not developed malaria 
during 245, 181 and 221 days, respectively. 

A representative group of 6 untreated patients 
who received P. jalciparum (Costa) sporozoites 
by the same inoculation method while these stud- 
ies were in progress had prepatent periods of 8 
to 12 days. 

(c) Plasvia pamaquine levels. The plasma 
concentrations of pamaquine determined in 28 
patients are summarized in Table IV. These 
demonstrate quite clearly that measurable pama- 
quine is both rapidly absorbed into, and excreted 
from, the plasma. However, it is just as apparent 
that the plasma level attained (as measured by 
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TABLE V 


Mdhcmoglohinama as per cent of total hemoglobin in patients receiving pamaquine naphlhoale 


m 

Patient* 

D,-iy 

m 

1** 

2 

3 

Hi! 

5 

1 

6 

B 

8 

9 

JO ; 

It 

12 

13 

14 

IS • 

160 

BRO 

■ »»» 


4 

13 

17 

3 

g 

2 

I 

Bi 

mui 

HI 





SLA 

— 


2 

1 5 

5 

3 



1 

BB 


>^B 





HAL 




2 

3 

5 

3 


6 

6 








JOH 

4 


6 

— 

' 9 

11 


— 


HH 







Lew 

3 


5 

5 

8 

9 

11 

i _ 

12 

■9 







MOD 

1 


3 

2 

— 

4 

4 

1 4 

2 

8 1 

3 

— 





FOR 

1 2 


1 

2 

5 

6 

7 


6 


6 

— 





RIN 

1 

1 

i 2 

2 

2 

— 

3 


3 1 

2 ! 







SHE 

3 

3 

t 6 

— 

5 

8 

7 

^Bg 

1 

1 







'STA 



' I 

1 

8 

14 

19 

16 


13 1 

8 

10 



6 

— 


WEL 

1 


2 1 

2 

— 

3 

3 

3 

3 1 

9 

3 

— ; 





1 WIL 

1 



4 

5 

5 

7 

mm 





i 



180 

BAS 

3 


6 


10 

10 

10 



9 







BEA 1 




s I 

mm 

9 

— 

15 

16 

19 : 

14 







BYR 1 




S 1 



13 

15 

17 

13 

— 




1 



CIT 



1 ' 

2 






I 







i 

DAY 

3 1 

3 

5 



18 

20 

24 

22 , 

19 

20 

— 

— 

16 

— 


PER 

2 

3 

3 

4 ; 

s 

— 

Wm 

8 1 

10 

10 

— 






HOL 



2 

2 

6 ; 

4 ; 

8 

■9 


6 

— 







JAC 

— . ' 

' 

4 

6 ' 

8 ' 

13 

12 

— 

12 

— 




1 



jER 

3 

S 

— 

s 

10 

12 

14 

16 

16 

— 

14 

— 





JOR 

4 

5 

8 

— 

10 

1 







1 




MOR 

2 

3 

6 

9 

— 

8 

9 

15 

— 

7 

*— 


i 




PRO 

3 

3 

5 

9 

— 

14 ' 

16 

20 

18 

19 

— 




i 


ScH 

3 

2 

3 


— 

12 ' 

12 

13 

14 

14 

— — 






SMI 


3 

5 


12 


— 

12 

— 








SIM 

— 

2 

2 


4 


8 

7 

8 

8 

— 






McC 

— 

2 

2 


5 


9 1 

8 

11 

8 


1 





* Identification corresponds to Tables II and III. _ i c j 
** The day drug administration Avas begun, but prior to the first dose. 


**♦ Not done. 


the method employed) bears little relationship to 
the mgm. per kgm. dose, the various toxic reac- 
tions produced, or to the degree of protection 
attained. In general, plasma concentrations were 
greater in those whose total drug intake was 
greater. This is illustrated by the averages for 
the dosage groups. 

(d) Toxic reactions. Although methemoglo- 
binemia was regularly encountered at all dosage 
levels (Table V), more tended to be formed as 
the pamaquine intake was increased. Such for- 
mation occurred quite soon after the initiation of 
therapy, and persisted for some days after the 
drug was withdrawn. No methylene blue could 
be employed for the treatment of this state bemuse 
of its effect upon malarial parasites, _ Of itself, 
the methemoglobinemia did not appear to cause 
any difficulty, .although high levels were attained 
in individuals who suffered other severe toxic 
reactions. 

Two instances of acute hemolytic anemia were 


encountered. Both occurred in negro patients, 
and both had their onset soon after therapy was 
begun. In neither instance was there any history 
of preceding malaria or exposure to pamaquine. 
Prompt withdrawal of the drug and intensive 
erythrocyte transfusions produced complete re- 
coveries. The data concerned with these 2 pa- 
tients are summarized in Tables VI and VII. In 
addition, Table VII includes a summary of at- 
tempts to reproduce this hemolysis in vitro. All 
of the latter were failures. 

An opportunity to restudy patient BRO pre- 
sented itself some 3 months after the initial hemo- 
lytic episode. At this date he was fully recovered 
and normal in all respects. He was placed on a 
drug schedule which called for 160 mgm. of 
pamaquine naphthoate a day for 3 days, followed 
by 120 mgm. for each of 5 following days, but the 
drug had to be withdrawn on the fifth day because 
of another hemolytic reaction (Table VIII). 
This indicates that the susceptibility to acute he- 
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TABLE VI 


Hemolytic reaction to pamaquine naphthoate 
Patient: JOR. Negro, male. P. vivax (McCoy) 


Date 

Hour 

mm 

Plasma 

level 

Hemato- 

crit 

plasma 

bilirubin 

Total 

hb. 

Per cent 
met-hb. 

Toxic 

manifestations 

Remarks 




■rper 1. 



grams 









ter cent 




7-19 

8:30 a.m. 


0 

— 

♦ 

14 

4 




12:00 p.m. 

Started 







1 19 + Sporozoites 


8:30 a.m. 


81 

38 

1.21 

12.8 

5 

Weakness 


8:30 a.m. 

Stopped 

1 

135 

37.5 

3.65 

11.1 

8 


7-22 

/ 

8:30 a.m. 



28.5 

3.71 

— 

— 

Headache, 








dizziness 


7-23 

8:30 a.m. 


0 

21 

2.61 

9.6 

7 

Dizziness, 









1 

nausea, and 
vomiting 

1 hour after 400 


2:30 p.m. 



28 

2.2 

— 

— 








1 


ml. RBC IV 


7:30 p.m. 








600 ml. RBC IV 

7-24 

8:30 a.m. 



32.5 

3.6 

— 

— 

None 


7-2S 

8:30 a.m. 



34 

1.21 

— 

— 



7-27 

8:30 a,in. 


mm 

32.5 

0.23 






* Not done. ' ** Mgm. 22.5 q. 3 h. X 16. 


molytic reactions because of pamaquine intake 
persists for 3 months at least. 

Since the question of the role of various blood 
grouping factors in the production of this type 


of hemolytic reaction might be raised, serum sam- 
ples obtained from patients BRO and JOR (as 
well as from several other individuals who had 
received similar amounts of the same drug with- 


TABLE VII 


Hemolytic reaction to pamaquine naphthoate (first course) 
Patient: BRO. Negro, male. P. falciparum (.Costa) 


Date 

Hour 

Drug 

Plasma 

level 

Hemato- 

crit 

Plasma 

bilirubin 

Total 

bb. 

Per cent 
met-hb. 

Toxic manifestations 

Remarks 






mgjn* 

grams 







y per 1. 


per cent 

per cent 




2-12 

8:30 a.m. 


0 

♦ 



— 

— 




12:00 p.m. 

Started 






1 


2-13 

8:30 a.m. 


141 

45 



14.4 

2 


21 -f- sporozoites 

2-14 

8:30 a.m. 


180 

43 

— 

14.2 

4 


Plasma slightly 










discolored 

2-15 

8:30 a.m. 


180 

38 

2.4 

13.1 

13 

Slight abdominal 










pain 


2-16 1 

8:30 a.m. 


270 ' 

31 

3.4 

10.1 

1 17 

Slight abdominal 



2:00 p.m. 

Stopped 



1 

1 



pam 

Total, 0.58 gm. 

2-11 

8:30 a.m. 


33 

25 

3.0 

7.7 

3 

Abd. pain, weak- 








i 


ness, pallor 



2:3o p.m. 


— 

33 

4.9 

9.6 

— 

Abd. pain, weak- 

1 hour after 400 









ness, pallor i 

ml. RBC IV 

A-IO 

10:3u a.m. 


— 

30 

3.9 

7.8 

— 

Abd. pain, weak- 

Followed by 600 









ness, pallor 

ml. RBC IV 

z-19 

8:30 a.m. 


24 

37 

2.2 

10.8 

2 

Slight abd. pain 

Clinical recovery 


8:30 a.m. 


0 

34 

0.6 

10.7 

1 

None 


2-23 

8:30 a.m. 



38 


— 





* Not done. 

*!■ ® ^ then 20 mgm. q. 4 hrs. X 5. 

clasm .h-rydirocyte fragility — ^normal limits, (b) BRO’s washed (3X in PSS) RBC suspended in homologous 
plasma of control of same blood group (who had had similar pamaquine course 2 weeks previously without 
in k concentration of hematocrit for this day, incubated in 37° C. HiO bath: No hemolysis in 16 hours, (c) As 
litM- k ’ 1 P?™^<iuine HCl added to control plasma in concentrations of 100, 200, 400, 1,600, 3,200 gammas per 
aftpr k hours. _ (d) RBC of control (0) receiving pamaquine plus BRO’s plasma (0): No hemolysis 

10 hours at o7 C. Thus, in vivo hemolysis of BRO's RBC not reproducible in vitro by these studies. 
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TAIILK vm 

Hcmolylic reaction to pamaquine naphthoatc {second course) 
Patient: BRO. Negro, male 


Dale 

Hour 

DniK 

Pl.isma 

level 

Hcmalocrit 

Plasma 

bilirubin 

Per cent 
mct-lib. 

Toxic 

manifestations 

Remarks 


1 


7 pfr 1. 

1 

t»cm. per cent 



■ 

5-14 

8:30 a.m. 


0 

38.5 

0,35 

» 

None 



12:00 p.m. 

Started 






5-15 

8:30 a.m. 

1 

360 

35.5 

0.35 f 

4 



5-16 

8:30 a.m. 


360 

— 

0.75 

3 



5-17 

8:30 a.m. 


420 

33 

1.04 

4 

Diarrhea mild. 

No transfusion 

5-18 

8:30 a.m. 






Moderate 

weakness 

administered 


300 

33.5 

1.21 

4 


5-19 

8:30 a.m. 
10:00 a.m. 

Stopped 

290 

29.5 

1.10 

1 

4 



5-21 

8:30 a.m. 

0 

36 

0.46 

5 



5-22 

8:30 a.m. 


! 

1 

32.5 

0.29 

2 




* Not done. ** Mgm. 40 q. 6 lir.s. X 12, tlien mgm. 20 q. 4 hrs. X 13. 


out any untoward reaction) were coded and for- 
warded to Dr. Philip Levine for analysis. The 
results of his studies appear in Table IX. It 

TABLE I.\ 

( 

Analysis* of individual blood differences of six patients 
who received pamaquine naphthoatc with and 
without hcmolylic reactions 


? Pa- 
tient 

Toxic 

IT reaction 

Group 

MN 

Anti- 

Rho 

Anti-i 

Rh’ 

Anti- 

Hr 

Rh type 

BROi 

Hemolytic 

A (AO 

M 

+ 

O 

+ 

Rhs 

JORi 

Hemolytic 

B 

MN 

+ 

+ 

+ 

Rhi 


Abdominal 

pain 

0 

MN 

o 

o 

+ 

Rh negative 

BUT 

None 

0 

M 

+ 

o 

+ 

Rhj 

PRO 

None 

0 

MN 

0 

O' 

+ 

Rh negative 

ScH 

None 

nr* 

A (AO 

MN 

+ 

+ 

+ 

Rhi 


♦Performed by Dr. Philip Levine, Ortho Research 
Foundation, Linden, New Jersey. 


will be noted that none of these grouping factors, 
single or in combination, appear to be related to 
hemolytic susceptibility to pamaquine. 

Abdominal pain occurred in 4 patients. One 
of these (STA) had such a severe episode that 
the drug had to be withdrawn (Table X). The 
pain was of a griping character, and was concen- 
trated in the umbilical area. He also complained 
of moderate headache and nausea. The other 3 
had short bouts of mild pain following some of 
the drug doses, but all were able to complete 

their schedules without mishap. 

Of 26 patients (omitting the 2 hemolytic re- 
actors) 11 had increases in serum bilirubin (7) 


of more than 0,5 mgm. per cent. These changes 
represent the differences between samples ex- 
amined prior to, and at, the completion of treat- 
ment. Seven of these individuals were concen- 
trated in the 11 patients who received 180 mgm, 
of pamaquine daily for 8 days. 

Fourteen of 27 patients (omitting the 2 hemo- 
lytic reactors) had decreases in their hematocrit 
indices of the order of 3 or more. All 14 oc- 
curred among the 18 patients who received drug 
for 8 days. 

The total leukocyte counts diminished by 1 
thousand or more in 11 of 27 patients, remained 
unchanged in 9, and increased by 1 thousand or 
more in 7 others. Two of the 11 decreases fin- 
ished with counts of 3 to 4 thousand per cubic 
millimeter. 

Neither drug fever nor urinary abnormalities 
were encountered in any of the 36 patients. 

COMMENTS 

The data demonstrate quite clearly that when 
either 160 or 180 mgm. of pamaquine naphthoate 
are administered on the day before, the day of, 
and for 5 or 6 days (1-1-5 or 1-1-6) following 
sporozoite inoculation with P. vlvax (McCoy), 
clinical expression of the disease may be delayed, 
or prevented, for months. Similar results may 
be anticipated with as few as 3 postinoculation 
days (1-1-3) treatment when P. falciparum 
(Costa) is the test parasite employed. 
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TAHLE X 


Severe abdominal pain necessitating withdrawal of pamaqiiine naphlhoate 
Patient; STA. White, male. P. vivax (McCoy) 


Date 

Hour 

Drug 

Plasma 

level 

Hemato- 

crit 

Plasma 

bilirubin 

Per cent 
met-hb. 

Toxic manifestations 

Remarks 




7 per 1. 


rngm. 
per cfttl 




11-28 

8:30 a.m. 

** 

0 

44 

0.7 

» 




' 12:00 p.m. 

Started 


i 





11-29 

8:30 a.m. 


60 

45 

0.9 

1 


20 + sporozoites 

11-30 

8:30 a.m. 


90 

— 

— 

— 

Slight abdominal pain. 


! 






tinnitus 


12-1 

8:30 a.m. j 


90 

44 

0.2 

8 

Moderate abdominal 


12-2 

8:30 a.m. 


ISO 

46 

— 

14 

Cl 

Severe cramps, nausea, 
headache, cyanosis 


12-3 

2:00 p.m. 
8:30 a.m. 

Stopped 

0 

44 

0.2 

18 

Total, 0.68 gram 

All symptoms re- 
lieved 12 hrs. after 
drug withdrawn 

Slight Cyanosis 

12-4 


8:30 a.m. 


0 

43 

0.4 

16 



* Not done. ** 40 mgm. q. 6 hrs. X 12, then 20 mgm. q. 4 hrs. X 7. 


This is quite different from experiences with 
quinacrine (atabrine), for one achieves suppres- 
sion (P . vivax) or suppression-until-cure (P. jalci- 
parum) with this compound only if its adminis- 
tration is continued through the period of the 
expected primary attack. A further indication of 
the differences between the mode of action of 
pamaquine and atabrine or quinine is demon- 
strated by the effect of combining pamaquine with 
1 of the other 2 for the treatment of vivax re- 
lapses. Such combined therapy will usually pre- 
vent further relapses. Dixon’s study (8), while 
not the first of its kind, illustrates this point quite 
clearly. 

Our study also highlights again the fact that 
falcipaiiim and vivax parasites differ consider- 
ably in their susceptibility to antimalarial drugs. 
Whether this means that the 2 have such different 
life cycles that a drug must have a particular 
orm to affect adversely one species and not the 
other, is pure conjecture. 

Although our experiments failed to demonstrate 
as complete protection as was achieved by James 
m his trials with the Roumanian strains, nor, on 
tie other hand, were the attained results as poor 
as those reported by Alving et al (9) with the 
markedly relapsing Chesson strain of South Pa- 
c vivax, they did accomplish their basic pur- 
pose, which was to determine whether James’s 
resu ts could be supported sufficiently to warrant 


an extensive chemical synthesis program to find 
other, less toxic, more active pamaquine analogs. 

Alving et al employed doses of 90 mgm. of 
active pamaquine base per day on a 1-1-6 regime 
against the Chesson vivax strain in 5 subjects. 
Three of these patients developed malaria after 
18, 19, and 106 days, whereas the remaining 2 
have been observed for 402 negative days. These 
results, coupled with those of James and ourselves, 
illustrate again the danger of generalizing upon 
the subject of antimalarial therapy from experi- 
ences with a single strain of parasites. 

SUMMARY AND CONCLUSIONS 

1. Pamaquine naphthoate was administered to 
36 paretics as a prophylactic against mosquito- 
induced infections with P. vivax (McCoy) and 
P. falciparmn (Costa). 

2. Daily doses of either 160 or 180 mgm. ad- 
ministered the day before, the day of, and for 5 
or 6 days following the day of inoculation with 
P. vivax (McCoy) have prevented or postponed 
the primary attack for months.® In the case of 
P. jalcipariim (Costa) postinoculation treatment 
could be shortened to 3 days with similar results, 

^Addendum: 15 Januarj’, 1947. The number of days 
of negative observation, through this date, for those pa- 
tients still available for follow-up, were as follows: 

P. vivax. POR, 690; LEW, 728; HAL, 648; BEA', 410. 
P. falciparum. COO, 774; Sifl, 340; BUT, 670; W^L, 
465; RIN, 543; DAV, 345; PRO, 348; ScH, 474. 
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except that delayed primary attacks were not 
observed, 

3. Two instances of acute hemolytic anemia 
were encountered among 11 negro patients. One 
of these was re-exposed to the drug, and promptly 
had another hemolytic episode. This type of re- 
action was not related to the recipient’s blood 
group. 

4. Methemoglobinemia was regularly encoun- 
tered in all subjects. 

5. Elevations of the serum bilirubin and mod- 
erate hematocrit decreases were commonly noted 
among those receiving the higher, more pro- 
longed courses, regardless of race. 

6. Pamaquine naphthoate is rapidly absorbed 
and excreted. 

7. The mode of action of pamaquine as a ma- 
laria prophylactic or suppressive is not explained, 
although such activity appears to be a function of 
the parasite species (and strain) employed, the 
total amount of drug ingested, and the number of 
days the drug is administered in relation to the 
inoculation day. 

The authors are indebted to Dr. William B. Wendel 
for his supervision of the chemical analyses, to Dr. Yan 
Tim Wong for clinical aid, and to Miss Anna Mac- 
Nicholas for technical assistance. 
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ELECTROPHORETIC CHANGES IN THE SERUM OF A PATIENT 
WITH RHEUMATOID ARTHRITIS 

By VINCENT P. DOLE, and SIDNEY ROTHBARD, with the technical assistance of 

KENNETH WINFIELD 

(From ihc Hospital of The Rockefeller Institute for Medical Research, New York) 
(Received for publication August 8, 1946) 


Various reports in recent years (1 to 5) have in- 
dicated that changes occur in the serum electro- 
phoretic patterns of patients with rheumatoid ar- 
thritis. The present study is designed to supple- 
ment these generally isolated measurements with 
serial observations of the changing serum pattern 
through a cycle of the disease, correlated with im" 
munological and clinical data. Of interest also 
is the comparison of data from this clinically typi- 
cal case of rheumatoid arthritis wth the data, 
previously reported (6) , from patients with rheu- 
matic fever of comparable severity and duration. 

METHODS 

All measurements, common to those of the earlier 
study (6), were made in the same way. 

The antifibrinolysin antibody (AFL) was determined 
by the method of Tillett, Edwards and Gamer (7), as 
modified by Boisvert (8), 

The C-reactive protein was measured by a modifica- 
tion of the method of Tillett and Francis (9) ; 0.1 ml. of 
undiluted test serum was mixed with 0.1 ml, solutions 
of the pneumococcus C polysaccharide, i varying in con- 
centration downward from 10-*. After incubation at 
37° C. for 2 hours, the tubes were left overnight at 4° C., 
then read for precipitation. A known strongly positive 
serum from a patient with acute rheiunatic fever was in- 
cluded as a control. 

SUBJECT OF THE STUDY 

C. B. (No. 11, 113), a 28-year old machinist, was ad- 
mitted to another hospital on the 8th day following the 
onset of polyarthritis. Prior to this, he had always en- 
joyed good health, and in particular had had no previous 
joint symptoms. The present attack was not preceded 
by any apparent respiratory infection. During a 2-month 
stay at that hospital, he had persistent painful swelling of 
an ahlde, a knee and the small joints of the hands, not 
appreciably relieved by salicylates. An elbow had be- 
come involved shortly before admission. 

When admited to the Rockefeller Hospital on the 64th 
ay of illness he appeared chronicaly ill; his w'eight had 
tallen to 55 kgm. from a normal of about 72 kgm. Ex- 
amination of the heart revealed no abnormalities either 
on a mission or subsequently. There vras definite atrophy 
0 t e musc les of the hands, both legs and one forearm. 

^Kindly supplied by Dr. Maclyn hIcCarty. 


X-ray examination showed decalcification of the bones 
and periarticular swelling without narrowing of the joint 
spaces of the hands and knees. Cultures of nose and 
throat revealed no hemolytic streptococci, and the gono- 
coccus complement fixation and Wassermann tests were 
both negative. 

During 8 months of hospitalization he gradually im- 
proved under treatment with initial bed rest followed by 
slowly increased activity; hot packs to the affected joints 
with short periods of active exercise and plaster support 
as required were also employed. Aspiration of the right 
knee joint on the 248th day yielded 30 ml, of yellow, tur- 
bid and viscid fluid which contained 5,300 leucfcocyt^s per 
c.m.m. (49 per cent polynuclear, 45 per cent lymphocyte, 
6 per cent monocyte). The culture was negative. 

At the time of discharge on the 332nd day, he was 
capable of doing light work; the only residual joint symp- 
toms were slight swelling with limited flexion of one 
knee and weakness of one finger. 

OBSERVATIONS AND DISCUSSION 

The total protein concentration was not system- 
atically affected. The relative proportion of al- 
bumin, and with it the A/G ratio, was consider- 
ably depressed in the earlier observations, but 
later returned toward normal. Both a globulins 
were markedly elevated (over ttvice their normal 
values) during the early stages, then fell to es- 
sentially normal proportions. globulin was on 
the low side of normal throughout the study, y 
globulin maintained a fairly constant level about 
35 per cent over the normal value. 

These changes generally conform to those de- 
scribed by other authors (1 to 5), who have re- 
ported increases in the a and y globulins, inde- 
pendently or in combination, and decreases in al- 
bumin. 

A slight elevation above normal limits was ob- 
served in the titer of antistreptolysin O. Accord- 
ing to other workers (10) such increases may oc- 
cur in rheumatoid arthritis, but are exceptional. 
More typical of the disease is the absence of an 
antifibrinolysin response (11 to 13). 

The C-reactive protein is an interesting protein 
of unknown fimction that, has been detected in the 
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serum during the early phases of diverse infectious 
diseases (14, 15, 9) . It has not yet, however, been 
sufficiently studied to determine whether its ap- 
pearance is confined to diseases of infectious 
etiology (16). The occurrence of this protein in 
association with increased a globulins accords with 
the findings of previous workers (17) that it is 
contained in the globulin fraction. 

As might be expected, the serum protein pat- 
tern varied with change in the clinical status ; it is 
possible that a sufficiently extensive study might 
reveal correlations of prognostic significance. It 
is clear, on the other hand, that electrophoretic 
measurement holds no diagnostic promise, since 
the present findings appear to be indistinguishable 
from those previously reported for rheumatic 
fever (6). 

SUMMARY 

1. Serial electrophoretic obseiu'ations of the 
serum from a patient with rheumatoid arthritis 
showed a depressed proportion of albumin with 
increased relative amounts of a and y globulins. 

2. These abnormalities in serum protein pattern 
decreased with clinical improvement. 

3. Antistreptolysin O antibody titer showed a 
low constant elevation. Antifibrinolysin activity 
was not detectable. 

4. The C-reactive protein, which was present in 
high titer during the early acute phase of the dis- 
ease, disappeared with clinical recovery. 
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It is well-icnown that marlced changes may occur 
in the blood proteins in many diseases, and these 
changes have usually been expressed as variations 
in the albumin to globulin (A/G) ratio. In 1937, 
Tiselius (1) showed by means of the electro- 
phoresis technic that at least 3 distinctly different 
globulins can be distinguished in serum, and later 
work (2) made it possible to measure them quanti- 
tatively from their electrophoretic diagrams. Fur- 
thermore, it has been shown that the relative 
amounts of these different protein components vary 
considerably in different diseases. For example, 
various pathological sera and plasmas were studied 
with this technic by Longsworth, Shedlovsky and 
Macinnes (3) ; pneumonia sera, by Blix (4) ; 
sarcoidosis, by Fisher and Davis (5), and also by 
Seibert and Nelson (6) ; disseminated lupus 
erythematosus, by Coburn and Moore (7) ; multi- 
ple myeloma, by Kekwick (8), and also Gutman 
eP al (9) ; tuberculosis, by Seibert and Nelson 
(6) ; malaria, by Dole and Kendall (10) ; rheu- 
matic fever, by Dole, Watson and Rothbard (11), 
and also by Rutstein, Clarke and Taran (12), and 
many other diseases. 

In certain cases, extra specific serum compo- 
nents (2, 13) with mobilities different from those 
of the ndrmal globulins appear. Such components 
have frequently been shown to be antibodies. In 
most cases, however, increases in the components 
with normal globulin mobilities occur, indicating 
an increase in the amount of the normal proteins 
or the presence of an additional substance such 
as another protein, lipoid (14), carbohydrate 
(15, 14), etc., having a similar mobility as, or at- 
tached to the normal protein. Thus, apparently 
similar changes, and therefore similar patterns, 
may be seen in different diseases, reflecting similar 

1 Aided by a grant from the Committee on Medical Re- 
search of the National Tuberculosis Association, and also 
by chemical assistance from the Tuberculosis Control 
Division of the United States Public Health Service. 


physiological disturbances ; but they may also, on 
the other hand, be due to specific causes. How- 
ever, if sufficient other supporting data are available, 
the electrophoretic patterns may become very use- 
ful in confirming a diagnosis, and certainly are 
valuable in prognosis. For example, the present 
study shows that there can, in most cases, be a 
helpful differentiation between sera in cases of 
pulmonary tuberculosis, sarcoidosis, and carci- 
noma. 

A number of studies have shown that an ab- 
normal increase in lipoid occurs in the sera in 
certain diseases (3, 14), and this increase is seen 
in the a and /? globulin components, since the 
lipoid has been found usually to accompany these 
fractions. Less attention has been paid to another 
important colloidal constituent of the serum; 
namely, polysaccharide. While its concentration 
is very much less than that of the serum proteins, 
it is present in as high or higher concentration 
tlian glucose, and may increase as much as 100 
per cent or more in some cases. Lustig and Lan- 
ger (16) found increases in tuberculosis, carci- 
noma and pneumonia. Nilsson (15) and Blix, 
Tiselius and Svensson ( 14) also found an increase 
in cases of pneumonia. Friedmann and Sutliff 
(17) noted the presence of a substance in the 
serum in certain diseases, probably a polysac- 
charide, from which the pneumococcus is capable 
of forming large quantities of acid. 

A preliminary report was published (18) show- 
ing that a progressive increase in serum polysac- 
charide parallels advance in the tuberculous proc- 
ess. It seemed of interest, therefore, to correlate 
this change with the changes observed by electro- 
phoresis in the different protein components, and 
thus to determine whether the increase in polysac- 
charide could account for any of these changes. 

In this study, therefore, cases of relatively un- 
complicated tuberculosis were carefully selected 
from the Henry Phipps Institute Clinic by one of 
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us on the basis of the clinical findings, and classi- 
fied as to the stage of tuberculosis. Cases of 
Boeck’s sarcoid which were strongly suspected on 
the basis of the clinical examinations, or proved by 
biopsy, were studied. Sera from patients with 
carcinoma were obtained, and also 6 cases each 
of diabetes and of diabetes complicated with tu- 
berculosis. Normal adult and also fetal swa 
were studied. All these sera were analyzed for 
total protein, albumin, a^, a„, /8 and y globulins, 
glucose, polysaccharide, and also sedimentation 
rate (except the diabetics and carcinomas, which 
were not secured in our clinic) . 

METHODS 

Clinical appraisal 

The terms minimal, moderately advanced, and far ad- 
vanced pulmonary tuberculosis are used at the Henry 
Phipps Institute in accordance with the definitions of the 
National Tuberculosis Association (19). In addition each 
of these classes is subdivided into 3 groups: (I) active 
lesions for which treatment is indicated, (2) lesions of 
questionable clinical significance, and (3) lesions which 
are apparently healed -and presumably without present 
clinical significance. 

The term “active lesions” is used in this study to indi- 
cate lesions which in x-ray appearance are soft and floc- 
culent, or have shown recent fluctuation, and disease from 
which tubercle bacilli have been recently demonstrated in 
the sputum. 

Lesions of questionable clinical significance” include 
infiltrations that have an x-ray appearance suggesting 
chronicity or stability, as indicated by fibrosis and scarring 
in part or parts of the lesion, with softer or less well de- 
fined shadows elsewhere suggesting that the disease is in 
part unhealed. 

Lesions which are apparently healed and presumably 
wiftout clinical significance” include disease that appears 
to be wholly fibrotic or fibrocalcific, and disease that shows 
no evidence of fluctuation on serial x-ray examinations. 

or use in the punch card system, these lesions are given 
^ e following code numbers (which are used in the follow- 
ing tables). 

81 active minimal pulmonary tuberculosis. 

active moderately advanced pulmonary tuberculosis, 
active far advanced pulmonary tuberculosis, 
minimal^ pulmonary tuberculosis of questionable clin- 
ical significance. 

85 moderately advanced pulmonary tuberculosis of ques- 
tionable clinical significance. 

fied'h^^ ^sccoidosis series, 4 of the cases have been veri- 
othe ^ biopsy material. The diagnoses of the 

based upon the presence of extensive pul- 

ncdw enlargement of the Ij-mph 

hilum or mediastinum, and upon the absence 
St'i cant sj-mptoms or deterioration of health, partic- 


ularly in relation to the extent and density of the pul- 
monary shadows roentgenologically. In these cases, re- 
peated examinations of the sputum were negative for tu- 
bercle bacilli, and the reactions to standard doses of 
Purified Protein Derivative were generally slight or ab- 
sent. In 6 cases there were skin lesions typical of sarcoid 
lesions. Three of these were confirmed by consultation 
elsewhere. X-ray examinations of the bones of the hands 
and feet were not routinely made. 

The diagnoses on the cases of carcinoma and diabetes 
were confirmed in each case in the respective institutions 
from which they were received. The carcinoma cases in- 
cluded lesions of the lungs, colon, rectum, stomach, 
pancreas, liver, brain, temple, tongue, breast, uterus and 
cervix. 

Diabetic cases were studied in order to determine 
whether a change in the polysaccharide content of serum 
may be associated with the disturbed carbohydrate metab- 
olism of this disease. 

No attempt w'as made to obtain fasting bloods, since 
it had previously (20) been shown that the polysaccharide 
content of the serum is almost independent of the state 
of metabolism. The bloods were taken, allowed to cloL 
and within several hours the sera were removed and 
placed in a freezing box which kept them just at the 
point of freezing until the analyses could be made. It 
was shown (20) that under these conditions no change 
occurs in the polysaccharide or glucose content of serum 
over long periods of time. 

Sedimentation. A small sample of the blood, immedi- 
ately after being dratvn, was mixed with oxalate and used 
for the sedimentation test, according to the method of 
Cutler (21), in the routine clinical laboratory of our in- 
stitute. 

Polysaccharide was determined by the carbazole re- 
action according to the procedure outlined recently (20), 
using the glucose-gaiactose-mannose standard. In this 
study, the total polysaccharide of serum was determined, 
and from it the glucose concentration, determined by the 
Somogyi (22) method, was subtracted, giving the true 
polysaccharide concentration. 

Total protein was determined by the Kingsley (23) 
biuret method, using the Kiett colorimeter. The calibra- 
tion curve was made against serum protein determined by 
means of the micro Kjeldahl method. 

Protein patterns were made by means of the Tiselius 
electrophoresis technic (1). Earlier studies (24, 6) us- 
ing phosphate buffer, pH 7.7 At = 0.1, showed that a pro- 
gressive rise in y globulin paralleled the development of 
tuberculosis. In addition to this change, abnormalities 
were noted in the form of the albumin curve, of such a 
nature that often there seemed to be present a component 
with a slightly greater mobility than the albumin. This 
abnormality in the albumin component does not occur 
if the electrophoresis is made in barbiturate buffer, but 
instead an extra a globulin appears, as first shown by 
Longsworth (25). It is possible, therefore, that the ex- 
tra a globulin resolved in this latter buffer may repre- 
sent the same component included in the albumin fraction 
in the phosphate buffer. 
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All the experiments in the present study were, there- 
fore, carried out in barbiturate buffer (veronal) pH 8.5 
to 8.6, M = 0.1, after the serum was dialyzed, for several 
days against this buffer at 1° C. and then filtered and di- 
luted 1 : 2 with the same buffer. 

In all determinations the same buffer concentration 
and pH and also the same protein concentration were 
•used, since variation in these conditions leads to variation 
in the percentage of the different components (26, 27). 
In these experiments the crosscd-slit arrangement of 
Svensson (28) was used. All electrophoreses were con- 
tinued for exactly 2 hours at about 8.1 to 8.8 volts per 
cm., during which time the components spread throughout 
most of the long type cell. 

Earlier reports favored using only the descending pat- 
tern for measurements, since fewer boundary errors oc- 
curred on this side, as evidenced by the smaller e peak. 
The e peak represents a gradient due to buffer elec- 
trolyte alone, whereas the 5 boundary on the ascending 
side is due to concentration gradients of both buffer salts 
and proteins. 

These boundary anomalies, the 5 and e effects, can be 
greatly reduced by reducing protein concentration 
and also by increasing the ionic strength of the buffer 
(29, 26, 27). In fact, they can be so much reduced, when 
a total ionic strength of 0.2 to 0.25 is used, that Svensson 
now recommends using the patterns on both sides, and 
taking an average of the results for the corresponding 
components on the 2 sides. 

However, in the present study, since an ionic strength 
of 0.1 was used, calculations were made only from the 
descending patterns. Since relative rather than absolute 
Values are desired, any error due to this method of cal- 
culation would have no significant bearing on the conclu- 
sions drawn.. No difficulties were encountered with 
anomalies so frequently reported by many workers. 

Diagrams were enlarged 5 times, and the areas due to 
the different components were always resolved by the 
same individual into curves, as described by Pedersen 
(30), and measured with a planimeter. Since the com- 
ponents are not always definitely resolved into isolated 
peaks, a certain amount of personal error enters into 
these resolutions, and Table I will show the degree of 
error involved under the conditions described. In some 
cases, the same serum was examined on 2 successive days, 
and in others on widely different days, even as much as 3 
months apart. Different exposures during the same ex- 
periment were also compared, using different angles on 
the diagonal slit, in order to obtain patterns of different 
sizes. No systematic error seemed to be caused by such 
variation, but nevertheless the same angle, 30°, was used 
in all experiments in the comparative series reported in 
this paper. In general, as much as 2 per cent error may 
be expected in the globulin components, and 3 per cent in 
the albumin, under these conditions. 

Results are reported as percentage of the total gradient 
area (exclusive of the e component), as the different 
components, albumin, a„ O;, P, and y globulins. This 
method of calculation involves the least error, since no 
committal is made as to the composition of these com- 


TABLE I 

Electrophoretic measurements of same serum at differejit limes, 
and with different angles at same time in veronal 
buffer pH S.5 to 8.7, u ~ 0.1 


Name 

Date bled 

Date run 

Percentace of total protein as 

Anfjle 

Alb. 



P 

T 

S.F. 

1-16-45 

1-23-45 

40.1 

10.8 

13.7 

12.7 

22.8 

30° 



4- 5-45 

41.1 

10.2 

14.7 

12.2 

21.9 

30° 

M.G. 

8-17-45 

8-25-45 

29.1 

10.9 

20.6 

21.5 

18.0 

45° 



11- 8-45 

28.9 

12.2 

20.0 

21.9 

17.1 

45° 




29.3 

11.0 

20.1 

22.2 

17.5 

55° 

S.F. 

2- 2-45 

2-19-45 

53.6 

7.5 

11.7 

12.3 

14.9 

30° 



4-20-45 

53.4 

8.0 

11.8 

12.6 

14.2 

30° 




52.2 

7.7 

11.6 

13.4 

15.1 

25° 




50.2 

8.6 

11.9 

13.4 

15.9 

20° 

F.J. 

3- 7-45 

3-23-45 

50.0 

8.4 

17.6 

12.9 

n.i 

30° 



4-25-45 

51.2 

7.1 

18.0 

11.3 

12.5 

30° 

M.C. 

2-20-45 

4- 3-45 

49.1 

7.5 

10.3 

19.1 

14.1 

30° 



4- 4-45 

50.6 

8.0 

9.8 

17.5 

14.1 

30° 

C.R. 

2- 8-45 

3-12-45 

55.2 

7.3 

9.5 

11.6 

16.4 

30° 



4-27-45 

52.6 

9.1 

9.6 

11.8 

16.9 

30° 

A.F. 

2- 7-45 

3-14-45 

45.9 

9.9 

12.0 

15.9 

16.4 

30° 



4- 5-45 

46.8 

8.7 

12.3 

15.4 

16.8 

30° 

J.B. 

2-10-45 

3-27-45 

50.6 

8.8 

14.7 

13.7 

12.2 

35° 



3-29-45 

50.0 

8.7 

14.7 

14.1 

12.4 

35° 

S.S. 

2- 5-45 

3- 7-45 

52.4 

8.2 

lUl 

14.7 

13.7 

30° 




51.1 

8.8 

11.6 

14.1 

14.3 

35° 

J.G. 

1-10-44 

2- 3-44 

44.6 

6.8 

12.2 

17.2 

19.4 

35° 




41.1 

7.8 

12.7 

18.4 

19.9 

45° 

S.C. 

7- 9-46 

7-16-46 

34.3 

10.9 

16.3 

14.7 

23.9 

30° 




33.4 

11.5 

16.1 

13.7 

25.3 

30° 


ponents. It is Imown that a considerable percentage of 
some oi these components is not protein. For example, 
it was emphasized earlier that considerable lipoid and 
carbohydrate accompany the a and P components. How- 
ever, even these results do not give an entirely true picture 
for comparison, since the total protein and colloidal con- 
centration of different sera vary. Therefore, in spite of 
the obvious errors involved, the method of calculating the 
actual grams per cent of each component from the total 
protein concentration, as used extensively by other 
workers (31, 32), is also used here, and the results are 
recorded as the second item under each component. 
While the actual content in grams of each component 
could also be calculated directly from the electrophoretic 
diagrams, no more accurate results would be obtained, 
since the refractive index increments of the various col- 
loidal constituents necessary in the calculations are also 
not known. 

In spite of the inherent errors indicated, the differences 
recorded for the different stages of disease and different 
diseases are so great that the conclusions drawn are, 
without doubt, valid. 
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RESULTS 


Since it is impossible to include the actual 
analyses of all cases, because of the large number, 
an attempt has been made to give summarizing 
tables which will contain data to show for each 
type of case the mean, the standard deviation, 
the probable error, the range, and also the sig- 
nificance of the deviations from the normal means. 

The method of calculating this significance is 
as follows. 


The standard deviation (er) = 

d = the difference from the mean, and N 
number of cases studied. 



where 
= the 


Probable error (£) = 0.6745 

•yiv 

— Gi = the difference between the mean (ai) 
of the normal group and that of the group under 
study (oo). 


Probable error of (gi — 02 ) = V£r 4- £ 

The significance of the differences from the 
normal mean is shown by the ratio 

G-1 “ 

For example, if this ratio is S, then, according 
to Gavett (33), the odds against getting a mean 
of a similar group which is outside of the probable 
error are about 1,300 to 1, and the difference is 
therefore highly significant. If the ratio is 3 the 
odds are only 22 to 1 ; if the ratio is 4 the odds are 
142 to 1 ; if it is 6 the odds are 20,000 to 1 ; if it is 
7 the odds are 445,000 to 1 ; etc. 

Table II shows, in the top half, the number of 
cases studied and their means for the different 
analyses. The lower half gives the ratios, which 
show the significance of the deviations of these 
means from the normal. The electrophoretic data 


TABLE n 


Means and their significance 


Diagaosls 

Num- 

ber 

cases 

Poly- 

saccha- 

ride 

Total 

pro- 

tein 

Albumin 

\ Globulins 

Albumin 
to globu- 
lin ratio 
(A/G) 

t *** 

or: 

[ ^ 

Y 

i 


tngm. 1 
per 
cent , 

grams \ 
per 
cent 

per 

grams | 

1 1 

cent 

m 

1 grams \ 
1 P^ 1 
uni I 

f’ercenj 

grams 

per 

cent 

per 

grams 

per 

cent 

per «n/j 

grams 

Per 

unt 


Meins 


Normal adult 
Fetal 

43 

6 


7.29 

6.13 

53.3 

3.88 

8.0 

0.58 

10.4 

0,76 

13.8 

1.01 

14.2 

1.05 

1.15 

Tuberculosis 81 

20 

109 

7.27 

49.8 

3.62 

7.7 

0.56 

10.8 

0.78 

13.8 

1.00 

17.8 

1.30 

1.00 

82 

22 

136 

7.67 

43.5 

3.32 

8.5 

0.64 

12.2 

0.92 

14.8 

1.15 

21.2 

1.65 

0.83 

83 

26 

159 

7.63 

35.2 

2.69 

10.3 

0.78 

16.1 

1.21 

15.6 

1.19 

23.0 

1.76 

0.56 

84 

21 

109 

7.17 

51.7 

3.71 

8.2 

0.59 

11.4 

0.81 

13.9 

1.00 

14.8 

1.06 

1.08 

Sarcoidosis 

Carcinoma 

Diabetes 

Diabetes -f 
tuberculosis 

13 

■lltM 

7.20 

49.4 

3.54 

8.6 

0.62 

11.6 

0.84 

15.5 

1,11 

14.9 

1.08 

0.99 

11 

128 

7.88 

39.4 

3.10 

7.8 

0.61 

10.8 

0.85 

15.9 

1.26 

26.1 

2.06 

0.66 

23 

145 

6.66 

42.0 

2.80 

10.0 

0.66 

16.5 

1.09 

16.3 

1.09 

15.3 


0.74 

6 

115 

7.16 

51.1 

3.65 

6.9 


11.3 

0.81 

17.1 

1.23 

13.6 

0.98 

1.05 

6 

166 

6.82 

30.4 

2.11 

10.9 

0.74 

15.2 

1.03 

19.5 

1.33 

24.0 

1,62 

0.46 


(Significance of variations from the means) 


Normal adult 

43 

a 





1 

> 



1 




Fetal 

Tuberculosis 81 

6 

20 

9.7 

2.5 

9.5 

0.2 

5.2 

4.3 

1 1.1 

1.2 

1.5 

1.0 

0 

O.S 

1 

5.5 1 

4.3 

5.2 

82 

22 

10.1 

4.3 

9.2 

8.7 

1.6 

3.0 

5.3 

8.0 

2.1 

3.5 

7.1 1 

6.5 

10.0 

83 

26 

19.1 

3.5 

24.4 

19.8 

7.9 

11.7 

13.6 

18.0 

5.4 

6.0 

10.8 

8.9 

29.5 

84 

21 

2.0 

1.5 

3.1 

2.8 

0.8 

o.s 

2.9 1 

2.5 

0.3 

O.S 

1.3 

0.25 

3.5 

^rcoidosis 

^rdnoraa 

Diabetes 

Diabetes + 
tuberculosis 

13 

2.1 

1.1 

7.5 

6.8 

2.9 

2.6 

2.1 

1.6 

.3.8 

3.3 

1.1 

0.6 

8.0 

tt 1 

6.3 

7.4 

13.5 

8.7 

0.7 

1.5 

0.95 

2.3 

5.6 

8.3 

7.9 

10.1 

12.3 

23 

10.6 

5.2 

13.0 

15.0 

6.7 

4.0 

12.7 1 

11.0 

6.4 

2.7 

1.8 

O.S 

20.5 

6 

2.1 

1.9 

2,5 

4.6 

6.5 

4.0 

2.3 

2.5 

6.2 

5.5 

0.63 

1.4 

! 3.3 

6 

4.9 

2.6 

9.5 

8.4 

5,0 

1 

5.3 

8.0 

6.8 

1 

10.2 

8.0 

5.2 

5.7 

1 

13.8 
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were calculated both on the basis of percentage of 
the total, and also as the actual grams per cent, as- 
suming that all of the components are protein, or 
that the error due to the presence of non-protein 
substances is negligible. 

Table III contains the standard deviations and 
probable errors corresponding to the results in 
Table II. Table IV contains the data, 

fli — 02 ± V£i“ “h £2“ I 

used for calculating the significance ratios, and 
also the ranges of the different analyses, for use in 
deciding what to expect from analyses on indi- 
vidual sera. 

From these results it is readily seen that there is 
a significant increase in the mean total protein con- 
centration in sarcoidosis, and a significant decrease 
in carcinoma, while in tuberculosis, regardless of 
the stage of the disease, neither an increase nor 
decrease is the rule. 
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Figure 1 shows typical electrophoretic diagrams 
of each type and stage of disease studied; the 
individual patterns were chosen because their 
analyses fitted most closely to the mean values for 
each particular type of case. 

Figures 2, 3 and 4 show the individual polysac- 
charide concentrations plotted respectively against 
the a, globulin, y globulin, and albumin, since it 
was in these components that there proved to he 
significant variations. In all cases the dots repre- 
sent normal sera, the triangles minimal, the circles 
moderately advanced, the black squares far ad- 
vanced tuberculosis, and the crosses carcinoma. 

In minimal active tuberculosis (tuberculosis 81) 
a decrease in the mean A/G ratio is significant, 
and this is obviously due to the increase in the y 
globulin, with a corresponding decrease in albumin. 
Therefore, the most significant change found in 
this early stage of the disease is the rise in the 
y globulin. As the disease progresses to the mod- 


TABLE III 

Standard deviations and probable errors 


Diagnosis 

Poly- 

saccha- 

ride 

m 


Globulins 




ax 

os 


y - 

A/G ratio 


mgm. 

ter 

cent 

grams 

ter 

cent 


grams 

per 

cent 

per cent 

grams 

per 

cent 

per cent 

grams 

Per 

cent 

per cent 

grams 

per 

cent 

per cent 

grams 

per 

cent 



Standard deviations 


Normal adult 


0.35 

2.6 

0.23 

1.35 

0.10 

1.38 

0.10 

1.89 

0.14 

2.68 

0.22 

0.12 

Fetal 

Tuberculosis 81 

11.6 

13.2 

0.42 

0.59 

4.1 

0.37 

1.45 

0.09 

1.49 

0.11 

1.42 

0.12 

3.6 

0.35 

0.18 

82 

Kam 

0.56 

7.2 

0.44 

■Kill 

0.13 

2.23 

0.15 


■l]W« 

6.7 

0.62 

0.19 

83 

18.9 

.0.67 

5.2 

0.44 

BmuIim 

0.11 

3.02 

0.18 

2.10 

Eb9 

5.8 

0.60 

0.12 

84 

16.9 

0.48 

3.1 

0.34 

■JEM 

0.10 

2.10 

0.14 

2.10 

0.15 

2.4 

0.21 

0.14 

85 

20.1 

0.44 

3.4 

0.26 


0.06 

2.90 

0.25 

2.20 

0.14 

3.0 

0.25 

0.12 

Sarcoidosis 

17.9 

0.36 

4.9 

0.47 


0.09 

2.00 

0.16 

1.70 

0.15 

7.7 

0.63 

0.19 

Carcinoma 

25.9 

0.78 

5.9 

0.53 

BkM 

0.13 

3.30 


2.50 

0.23 

3.7 

0.32 

0.17 

Diabetes 

18.5 

0.23 

3.0 

0.17 


0.06 

1.30 


1.80 

0.14 

3.4 

0.19 

0.12 

Diabetes + tuberculosis 

45.8 


8.5 

0.73 


m 

2.10 

0.13 

1.90 

0.15 

5.7 

0.34 

0.17 


Probable errors of the means 


Normal adult 

1.43 

IBM 

0.27 



0.01 

0.14 

0.01 


0.01 

0.27 

0.023 

0.012 

Fetal 

Tuberculosis 81 

3.20 

1.98 

ill 

0.61 

ill 



0.22 

in 

0.21 


0.59 

0.053 

0.03 

82 

3.01 

w • u 

1.03 

1 3 


JiVJI 

0.31 

[uE/H 

0.44 


0.96 

0.09 


83 

2.50 

m \ 3 

0.69 

W i 3 


uu iH 

0.40 

IijiiV9 

0.28 


0.77 

0.08 

RfiyH 

84 

2.50 

9U 1 3 

0.45 

X s 3 


DE 9 

0.31 

0.02 

0.31 


0.35 

0.03 


85 

3.75 

j 3 

0.45 

• 3 


jjE H 

0.56 

0.05 

0.41 


0.56 

0.05 


Sarcoidosis 

3.70 

J 3 

1.00 

1 3 


OE 9 

0.40 

0.04 

0.32 


1.50 

0.10 

VijnrS 

Carcinoma 

3.60 


0.83 

i 3 


DE 9 

0.46 

0.03 

0.35 


0.52 

0.04 


Diabetes 

5.20 


0.84 

w i 3 



0.37 

0.02 



0.91 

0.05 

Rfi^H 

Diabetes + tuberculosis 

12.80 


2.40 

H 



0.59 

0.04 

0.53 


1.60 

0.10 
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SERA 



NORMAL FETAL 

ACTIVE tuberculosis 



MINIMAL MODERATELY ADVANCED TAR ADVANCED 

QUESTIONABLE CLINICAL SIGNIFIGANCE 



/I 


1 

. m 



MINIMAL MODERATELY ADVANCED 



SARCOIDOSIS CARCINOMA DIABETES 


Fig. 1. Electrophoretic Diagrams of Sera Examined in Veronal Buffer pH 8.6, 

ju = 0.1, AND AT a 30° Angle 

Only descending patterns are shown. In all cases the albumin, a„ a™, /3 and 7 globulin 


peaks and the e boundary are evident. 

erately advanced stage (tuberculosis 82), there 
appeared also a rise in the Oo globulin and polysac- 
charide content. With far advanced disease (tu- 
berculosis S3) all globulins, and especially a,, as 
well as polysaccharide content, increased with a 
corresponding decrease in albumin, even though 
le total protein changed onl)" slightly. 

1 those cases of minimal tuberculosis classified 


as of questionable clinical significance (tubercu- 
losis 84), no deviation from the normal was found. 

In cases of moderately advanced tuberculosis of 
questionable clinical significance (tuberculosis 85), 
the onl}'^ significant change is a decrease in the al- 
bumin and the corresponding lowered A/G ratio. 

In sarcoidosis, a large increase occurred in the 
mean y globulin, and also in the globulin, a 
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simultaneous decrease in albumin and conse- 
quently in the A/G ratio. There ivas also some 
increase in polysaccharide but by no means as 
much as found in cases of far advanced tubercu- 
losis, which showed similar increases in the y 
globulin. The total protein also was always 
increased. 

In only 4 of the 11 cases reported in this study, 
was the diagnosis proved by biopsy. The others 
were strongly suspected to be sarcoidosis from the 
clinical data. While the number of cases is com- 
paratively few, it is believed the conclusions are 
valid, since a previous group of sarcoid cases (6) 
yielded comparable results, and also Fisher and 
Davis (5) obtained similar results on a group of 
12 cases of sarcoid, all of which were proved by 
biopsy. 

Carcinoma sein showed, on the other hand, no 
increase in the mean y globulin. In fact, in the 
majority of cases, a very much flattened y peak 
(see Figure 1) occurred, which in further studies 


may be possibly resolved into a very small true 
y globulin, and another small component with mo- 
bility between the y and ^ globulins. Several 
sera, especially from those cases with metastases^ 
to the liver and a resulting jaundice, showed an 
abnormally high y globulin, and these brought the 
average y up to near the normal mean. The Oj 
globulin, and also the polysaccharide content, in 
practically all cases were conspicuously increased 
and, of course, the albumin and A/G ratio were 
decreased. The total protein in most cases was 
reduced. 

The series of diabetic cases is admittedly too 
small to permit reliable conclusions, but it is ob- 
vious that no great change occurred, except pos- 
sibly in the p globulin. Since 5 out of the 6 cases 
showed a marked increase in this component, and 
since fat metabolism is known to be disturbed in 
diabetes, further study of this disease may yield 
helpful results. 

The diabetics with advanced tuberculosis showed 
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Fig. 3. Grams Per Cent 7 Globulin Are Plotted against Mgm. Per Cent Polysaccharie for 
Normal Adult (•), Minimal (A), Moderately Advanced (O) and Far Advanced Tuberculosis 

(■) 


changes similar to those found in the tuberculous 
patients, except possibly a still higher /? globulin, 
thus adding significance to the increase in this 
component noted in the non-tuberculous diabetics. 

rolysaccharide content of fetal serum. 

Sera taken from the cord blood of 6 patients at 
parturition showed a very much lowered content 
of polysaccharide. Even if the lowered total pro- 
tein content should be taken as an index of a dilu- 
tion factor, still the corrected polysaccharide con- 
tent would correspond only to the lowest figures 
obtained in a few adults in the normal group. 
There is an indication, therefore, that this con- 
stituent tends to increase with age. 

Only 2 electrophorectic analyses were made of 
fetal sera, since the results obtained corresponded 
well with those already reported (32) . The abso- 
lute and relative concentrations of y globulin are 
higher than the adult values, and the other glob- 
ulin concentrations are considerably lower, includ- 
ing especially the a, globulin. 


Sedimentation test 

In general, with far advanced tuberculosis, the 
sedimentation rate was abnormal and the serum 
constituents were also found to be abnormal; but 
with less advanced disease (tuberculosis 82), 6 
cases out of 20 were found to have a normal sedi- 
mentation rate, while at the same time their sera 
showed a considerable increase over the mean of 
y globulin and in some cases 'of polysaccharide. 
Among the group of 43 normal adults in whom 
no obvious clinical abnormality could be detected, 
9 had sedimentation rates of 2 or more, and in all 
of these one of the globulins or polysaccharide, or 
both, was among the high range of normals. 
There were also 3 who had completely normal 
sedimentation rates, but had the highest values for 
polysaccharide (131, 124, 126 mgm. per cent) 
which were included among our normal group. 

In view of the many factors which can influence 
the sedimentation rate, no definite correlations 
can be drawn on the basis of the present work. 
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They do not, however, conflict with the conclusion As the disease progresses, the next change to 
drawn by Shedlovsky (37) that there is a corre- appear is an increase in the a„ globulin and poly- 
lation between the increase in a globulin and in- saccharide content of sera, and finally with far 
crease in sedimentation rate, except in our group advanced disease, all of the globulins, and espe-.. . 
of sarcoids where 6 cases showed an increased dally the a, globulin, increase, with a balancing 
sedimentation rate, but no increase in a globulin, decrease in the albumin, since the total protein 

content does not notably change. The polysac- 
CONCLHSIONS AND DISCUSSION charide also conspicuously increases. Therefore, 

The data show a slight but significant rise in with advance in the disease process, it appears that 
the mean y globulin component in early tubercu- the accompanying tissue destruction may be re- 
losis. Since antibodies for most diseases have fleeted by this increase in the Oo globulin and poly- 
been found in the y globulin fraction (34), and, saccharide. It has been stated by Longsworth, 
furthermore, since antibodies in tuberculosis have Shedlovsky and Macinnes (3) that a rise in a 
also been found in this fraction (35, 36) , it is globulin is found in febrile diseases. Shedlovsky ,, 
reasonable to suspect that the rise in this com- and Scudder (37) concluded that a rise in a ' 
ponent in the early stage of the disease process globulin indicated tissue destruction, and Perl- 
may represent an antibody reaction to the or- mann, Glenn, and Kaufman (38) found an in- 
ganism. It will be of interest to determine whether crease in the a globulin component of serum and 
the rise in this component has any prognostic of lymph in bums. 

value in differentiating potentially dangerous cases The argument that an increase in polysaccha- 
from the self-healing type. Such a study is in ride, as well as in Oj globulin, indicates the pres- 
progress. ence of tissue destruction is supported by the 



F. B. SEIBERT, M. V, SEIBERT, A. J. ATNO, AND 11. W. CAMPBELL 


100 


following facts. Isolated a„ globulin contains a 
higher percentage of polysaccharide than do the 
otlier normal serum proteins (these results will 
be reported in a later communication), and these 
I constituents of serum always simultaneously in- 
ease. The}’^ are both low in fetal sera and, 
rthermore, increase in tuberculosis as well as 
carcinoma, diseases where there is known to 
. 'be tissue destruction, whereas in sarcoidosis, with- 
out tissue destruction, no comparable rise in O; 
globulin occurs, and, also, the rise in polysaccha- 
\ride is much less. In this latter case the increase 
'\hat is found in the polysaccharide is probably 
.\e to the rise in y globulin which also does con- 
tain some polysaccharide, but possibly of a dif- 
ferent nature. 

As cases of tuberculosis tend to heal and are 
then viewed as of questionable clinical significance, 
there is a return to the normal serum picture. If 
the disease has been advanced, then a decrease in 
the albumin still persists. In other words, the 
albumin is the last component to return to normal, 
and this is especially significant in view of the 
fact that Zeldis and Ailing (39) found the restora- 
tion of albumin to be slower than that of the other 
serum proteins following acute depletion by plas- 
mapheresis. 

It is of considerable importance that 3 diseases, 
which frequently are difficult to differentiate clin- 
■■:ally or from the x-ray picture, namely, pulmo- 
ary tuberculosis, sarcoidosis, and carcinoma, pre- 
ent such different analytical pictures as here 
escribed. Such analyses could, therefore, be of 
onsiderable help in diagnosis. 

■ SUMMARY 

A statistically significant rise in the y globulin 
iccurs in the serum in minimal active tuberculosis, 
vith a corresponding decrease in albumin. In 
noderately advanced disease, the a, globulin and 
)olysaccharide content also increase. These 
ffianges are still further emphasized in far ad- 
vanced tuberculosis, and all the globulins are also 
ncreased. The mean total protein, however, does 
lot differ from the, normal. 

No deviation from the normal occurs in mini- 
Wl tuberculosis of questionable clinical signifi- 
\nce, except possibly in a slightly lowered A/G 
lio.” Moderately advanced tuberculosis of ques- 
donable clinical significance shows only a decrease 


in albumin, indicating that it is the last com- 
ponent to return to normal. 

Sera from cases of sarcoidosis show an increase 
in total protein, a proportionately large increase 
in y globulin, and only a moderate increase in 
polysaccharide content. 

In carcinoma there is a decrease in total pro- 
tein, a large increase in a, globulin and poly- 
saccharide content. 

Fetal sera show a low total protein and poly- 
saccharide content and low globulins, except y 
globulin, which is high. 

It is suggested that the increase in y globulin 
in minimal tuberculosis may indicate antibody 
formation, whereas the rise in a, globulin and 
simultaneous rise in polysaccharide in advanced 
tuberculosis and carcinoma may represent tissue 
destruction. Fetal sera as well as sera in sar- 
coidosis are characterized by high y globulin. 

Of protein fractions isolated from normal 
plasma, the a, globulin has the highest polysac- 
charide content. The increases in this component 
in the diseases studied apparently account for 
most of the increase in the polysaccharide of the 
sera. Some increase may be due also to the 
increase in y globulin, as in sarcoidosis. 
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THE ANEMIA OF INFECTION. III. THE UPTAKE OF RADIO- 
ACTIVE IRON IN IRON-DEFICIENT AND IN PYRIDOXINE- 
DEFICIENT PIGS BEFORE AND AFTER ACUTE 
INFLAMMATION " 
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BRUCKER, WANDA WORTH, and RAE KRAMER 
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In the first (1) of this series of studies on the 
pathogenesis of the anemia of infection, it was 
pointed out that there must be in association with 
infection a derangement in the intermediate metab- 
olism of iron. This conclusion was based on the 
observation that in cases of infection associated 
with anemia, the plasma iron content is markedly 
lowered below the normal ; this appears early, and 
is found even before anemia has developed. The 
injection of staphylococci or of turpentine in dogs 
was shonm (2) to be associated with hypoferremia, 
and evidence was presented (1) which indicated 
that absorption of iron is probably adequate when 
infection is present, the hypoferremia being ac- 
companied by a rapid removal of iron from the 
plasma. The present report, and those which fol- 
low, describe experiments which were designed to 
study the nature of the disturbance in the internal 
metabolism of iron. 

When iron deficiency is present, anemia devel- 
ops which is accompanied by marked hypoferremia. 
If iron is then given intravenously (3) it is taken 
up rapidly and quantitatively for erythropoiesis. 
The anemia associated with pyridoxine deficiency, 
on the other hand, is characterized by inability to 
use iron, with the result that it is deposited in the 
tissues and marked hyperferremia develops (4). 
Thus these conditions represent wide extremes in 
the ability to use iron for hemoglobin formation. 
It was thought that some insight might be gained 
as to the nature and severitj' of the alteration in 
iron metabolism associated with infection if hemo- 
globin synthesis and the uptake of radioactive iron 

^The work described in this paper was commenced 
XT A- ^ '^°utract, recommended by the Committee on 
t'Icdical Research, between the Office of Scientific Re- 
search and Development and the University of Utah. The 
«penses of this investigation were also defrayed in part 
by grants from the United States Public Health Service, 

Jir 'c, Davis and Company and the Upjohn Company. 


by the red corpuscles were studied before and after 
acute inflammation was induced in these xvidely 
different types of anemia. 

To measure the capacity to utilize iron for hemo- 
globin synthesis, 2 widely different quantities of 
radioactive iron (Fe°®) have been injected intra- 
venously in the experimental animals. The smaller 
amount, 10 to 17 fig. per kgm. body weight, cor- 
responds to the quantity which, in the normal hu- 
man, may possibly be absorbed each day (5), 
namely 0.7 to 1.2 mgm. This is considerably 
lower than the amount of iron liberated ^rom 
hemoglobin breakdown per day, which may amount 
to 25 mgm. The larger dose of Fe^® we have em- 
ployed, 225 to 330 fig. per kgm. body weight, cor- 
responds approximately to the amount derived 
each day from hemoglobin catabolism. Provided 
iron metabolism in the pig is similar to that in 
man, the smaller injection of Fe^® may therefore 
be regarded as much below the amount which the 
hemopoietic system can use, while the larger 
amount slightly taxes the metabolic system, since 
it presumably doubles, approximately, the quan- 
tity of iron which is available for the formation of 
hemoglobin. 

In order to make certain that the radioactive 
iron appearing in the blood was present in hemo- 
globin, in a number of instances hemin was 
crystallized from the blood of animals which had 
received Fe'®. The radioactivity of the crystal- 
line material was then compared with the actmty 
in the xvhole blood per mgm. of iron. 

METHODS 

The experimental animals were growing pigs, similar 
to those used in studies already reported from this lab- 
oratory (6). 

Inflammation or infection was produced in the follow- 
ing manner. Sterile abscesses were produced by intra- 
muscular or subcutaneous injections of 4 ml. of turpen- 
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tine. B.ictcri.nl infection w.ns incliiced by file daily intr.a- 
miiscular injection of 5 ml. of a mixed cvillnrc of 5’. nw- 
rcus and E. coU. To produce burns, tlic bottom of a 125 
ml. Erlenmcycr flask containing boiling water was placed 
on the flank of the animal for 20 seconds. 

For intravenous injection the radioactive iron was pre- 
pared in the following manner. An alif]iiot of the Fc®, 
obtained as FeClj in hydrochloric acid, was reduced with 
ascorbic acid. To this 2 N sodium hydroxide was added 
drop by drop, until the solution just became violet brown. 
The solution was then diluted to volume with water. If 
a greater quantity of iron per unit volume was desired, 
non-radioactivc FcClj was added before reduction with 
ascorbic acid. The purity of the radioactive iron em- 
ployed was ascertained by the rale of dcc.ay. 

Hemin was isolated from blood samples by the method 
of Schalfejeff (8) as follows. A sample of blood cells 
was allowed to drip for a period of IS minutes from a 
small separatory funnel into a 50 ml. centrifuge tube 
containing 3 volumes of glacial acetic acid saturated with 
sodium chloride. The tube was kept at 90 to 95° C. by 
using a hot plate, and the solution was agitated con- 
stantlj' with an electric stirrer. After it had cooled to 
room temperature, the material was allowed to stand 
over night in the refrigerator. The hemin was centri- 
fuged down and, in sequence, it was washed with SO per 
cent acetic acid, distilled water, 95 per cent ethyl alcohol 
(twice) and ether (twice). The yield of crystalline 
hemin was SO to 70 per cent. In order to determine the 
quantity of hemin, the dry material was dissolved in a 
known volume of 0.1 NaOH, and a dilution of this solu- 
tion was read in the photoelectric colorimeter at 520 mM 
using a standard curve constructed with hemin of known 
purity as determined by iron measurement and spectro- 
photometric analysis. The hemin solutions were then 
digested and prepared for counting just as in the case of 
blood. Along with the hemin isolation and analysis, Fe” 
analyses were made of the same original blood, the 
plasma being removed prior to preparation. 

Hemoglobin determinations were carried out on the 
samples taken for Fe“ estimation. The volume of blood 
used was noted in order to calculate the number of grams 
of hemoglobin analyzed. The photoelectric oxyhemo- 
globin method of Bell, Chambers and Waddell (9) was 
employed, the instrument having been standardized by 
several procedures, including the oxygen capacity method 
(10) and the hemin method (11). 

Calculation of uptake. In studies with human 
subjects the uptake of Fe™ is usually calculated as follows 
( 12 ) : 

Total circulating hb. 

_ X grams hb. per 100 ml. blood; 

Circulating counts ^ - 

= total circulating hb X counts per gram hb. 

Many workers have assumed that the total blood volume 
is 80 ml. per kgm. body weight, believing that this as- 
sumption is at least as accurate as most total blood vol- 


ume cstim.Ttions made by c.niciilation from the measured 
plasm.a volume and volume of packed cells (12). 

In the case of growing pigs wc have encountered con- 
siderable difiiculty because of obvious shifts in plasma 
volume. In such pigs, especially in anemic animals, the 
licmoglobin per 100 ml. of blood shows wide and rapid 
variations. As a result, with sharp changes of hemo- 
globin one may get such impossible values as negative up- 
takes well beyond the range of error. In order to over-, 
come tliis difflculty, wc have devised a method of calcula- 
tion which is based on the following assumptions. 

(1) Tile total circulating hemoglobin is relatively con- 
stant, or increases or decreases consistently, and under 
our experimental conditions docs not vary as much as 
is indicated by the changes in hemoglobin per 100 ml. of 
blood. 

(2) The variations of the total circulating hemo- 
globin as obtained by the formula, 

ydBlitotanimaUlcgmOxSO ^ ^ _ 

range about the true value in a homeostatic manner. Ac- 
cordingly, in these studies the body weight and the hemo- 
globin, in grams per 100 ml. of blood, have been plotted 
for each pig against time. From these values the total 
circulating hemoglobin has been calculated, and this also 
has been plotted on the graph, A line has then been 
drawn through the estimated average of the plotted values 
for tlic total circulating hemoglobin. It is assumed that 
this line presents a picture of the true alterations in total 
circulating hemoglobin. When for the calculation of Fe“ 
uptake it has beea necessary to know the total circulating 
hemoglobin, the value has been taken from the appropri- 
ate point on this mean curve. 

In the case of iron-deficient pigs, the actual mass of 
circulating hemoglobin was also determined by assuming 
that in such animals Fe® is completely used for hemo- 
globin formation in 7 to 14 days or less. The following 
formula may be applied when Fe® utilization is complete : 

Total counts injected intravenously ^ ^^al circulating hb. 

counts per gram hemoglobin 

The correlation of the estimated values for total cir- 
culating hemoglobin with those obtained by the radio- 
active method is shown in Figure 1. Since botli methods 
entail sources of error the degree of correlation found is 
of interest. 

RESULTS 

Figure 2 illustrates the type of uptake curves 
obtained in different pigs. The complete data are 
recorded in Tables I to IV. 

It will be observed that the iron-deficient ani- 
mals usually showed rapid uptake, with little dif- 
ference in the degree of uptake of the small and 
large doses of iron. This was to have been ex- 
pected, since it is well known that such animals 
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can utilize iron very rapidly, even when it is given 
in large quantities. On the other hand the pyri- 
doxine-deficient pigs were able to use a good per- 
centage of the small dose only, a negligible per- 
centage of tlie larger dose being used. ■ In terms 
of absolute quantities of iron, the uptake was of 


the same order of magnitude when the large or the 
small dose was given. In the pyridoxine-defi- 
cient pig, hemoglobin formation is limited because 
of deficiency of this vitamin (4). That the iron 
not used in hemoglobin formation is stored, is in- 
dicated by the observations illustrated in Figure 3, 



Fig. 1. The Correlation of Total Circulating Hemoglobin as Estimated from a Line 
Best Fitting the Plotted Values for Total Circulating Hemoglobin (see text) (“Esti- 
mated Total Circulating Hemoglobin") with the Total Circulating Hemoglobin as 
Determined From the Dilution of Radioactive Iron Injected Intravenously in Iron- 
Deficient Pigs 

The closed circles represent the correlation with the values based on the first injection of 
radioactive iron, and the open circles refer to values after a second injection. In these calcula- 
tions the total amount of radioactive iron injected in the animal has been divided by the number 
of counts per gram. The necessity for assuming that all of the injected Fe“ has been incor- 
porated in the hemoglobin, even when more than one injection has been made, limits the accuracy 
of this method. The trend for higher values for total circulating hemoglobin, as measured by 
the radioactive method as compared with those based on the estimated values, can be explained, 
at least in part, by failure to use Fe“ completely for hemoglobin formation. Consistent with this 
view is the fact that the best correlation was found with the values obtained after the first 
injection of radioactive iron, when the likelihood of complete utilization of iron for hemoglobin 
formation was greater. 
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in wliich Fc'’'" uptake by the red cells is seen to in- 
crease sharply when pyridoxine is supplied. 

Tlie uptake of iron by the red cells of the normal 
animals was intermediate between that obser\'’ed in 
the pyridoxine-deficient and the iron-deficient pigs. 
In the normal mature pig the small dose was used 
more rapidly than the large one. 

Figure 4 shows the effect of acute inflammation 
on the rate of hemoglobin formation in iron-defi- 
cient pigs. It will be seen that 5 of the 6 pigs 
showed retarded hemopoiesis. Since the otherwise 
normal iron-deficient animal is capable of com- 
pletely utilizing for hemoglobin synthesis much 
larger doses of Fe'^® than those used in this ex- 


periment, retardation of the uptake of 10 /ig. Fe°® 
per kgm. must be regarded as indicating severe de- 
pression of hemopoietic function. Pig 9-24, in 
Figure 2, is an example of the effect of a more 
chronic infection on the rate of uptake of Fe'®. 
This animal had been attacked by a dog and re- 
ceived severe lacerations on the legs which subse- 
quently became chronically infected. It may be 
noted that in this pig a larger dose of Fe'® was 
utilized even more poorly than the smaller one. 

Figure 5 illustrates the extent to which infection 
impairs the response to therapy with iron in iron- 
deficient pigs. Two iron-deficient pigs, one of 
which was receiving daily injections of a bacterial 






Fig. 2. Uptake of Intravenously Injected Radioactii'e Iron (Fe'®) by Red Cells of Normal Growing 
AND Mature Pigs and in Pigs with Iron Deficiency or Pyridoxine Deficiency 

A small and a large amount of iron was given in each instance. The order in which these were given is 
indicated as (1) and (2). 

Note the more rapid uptakes of iron by the iron-deficient animals (9-46, 9-47) as compared with the nor- 
mal ones, the less complete uptake of the large dose by the normal mature pig (9-26) as compared with the 
growing normal pig (9-28), and the poor uptake of iron by the pyridoxine-deficient pig (9-22). 

The marked impairment of uptake of iron produced by infection in an iron-deficient pig (9-24) as com- 
pared with the uptake in a similar animal without infection (9-47), should be noted. 
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TABLE I 


Up!akc of small doses of intravenously injected F<P by the red corpuscles of normal and of pyridoxine-deficient pigs 


Pig number 

Normal 

Pyridoxine deficient 

9-2S 

9-2fi 

9-28 

1 9-29 

9-30 

1 

9-22 

9-39 

9-40 

9-40 

Age, days 

300 

263 

146 

146 

146 

146 

66 

66 

80 

Weight (kgm.) 

97.0 

75.0 

43.1 

: 38.0 

37.1 

22.0 

14.3 

11.6 

14.7 

Prevnous injections of Fe*’, 

3 

2 

0 

0 

0 

0 

0 

0 

1 

number 




i 






Previous injections of Fc*’, 

40.83 

12.57 

0 

I 0 

0 

0 

0 

0 

0.12 

amount (mtrm.) 










Days since previous injee- 

37 

96 

0 

' 0 

0 

0 

0 

0 

14 

tion 


1 








Fe*’ injected, amount 

0.97 

0.90 

0.74 

0.60 

0.62 

0,27 

0.14 

0.12 

0.15 

(mgm.) 







! 



Days after injection 

Percentage uptake 

1 _ . 

2 

' 34.1 

28.3 

56.7 1 

26,3 


41.5 1 

5.0 

43.0 


3 



1 


i 



1 

21.3 

5 

75.4 

76.7 

64.7 

42.6 

60.6 

50.1 

15.3 

52.5 


7 




45.9 

62.8 

52.6 




9 


105.0 

66.9 

40.5 

67.0 

50.6 

13.3 

63.0 


11 








45.8 


12 

51.3 









15 



92.0 

55.1 


1 




16 





69.4 

44.5 




19 




65.3 

67.1 

47.1 



1 

25 









31.2 

26 

65.5 









28 









42.0 


TABLE II 


Uptake of large doses of intravenously injected by the red corpuscles of normal and of pyridoxine-deficient pigs 


Pig number 

Normal 

Pyridoxine deficient 

9-25 

9-26 

9-28 

9-29 

9-30 1 

9-22 

9-42 

9-42 

Age, days 

263 

300 

167 

167 

169 

166 

66 

80 

Weight (kgm.) 

83.6 

99.4 

56.2 

49.7 

48.3 

26.6 

9.0 

10.9 

Previous injections of 

2 

3 

1 

1 

1 

1 

0 

1 

Few, number 









Previous injections of 

19.83 

13.47 

0.74 

0.60 

0.62 

0.27 

0 

2.25 

amount (mgm.) 


1 







tJays since previous 

96 

96 

21 

21 

21 

21 

0 

14 

injection 









he” injected, amount 

21.0 

24.8 

18.55 

8.65 

15.95 

7.80 

2.25 

2.73 

(mgm.) 









Days after injection 

Percentage uptake 

2 

0 


36.4 

25.5 

34.4 

2.2 

1.6 

0 

4 








10.3 

5 

72.8 




29.5 

6.9 

8.0 


7 



69.5 

61.0 

59.0 

5.0 



9 

58.2 





10.2 

5.5 


11 








10.8 

12 


50.8 







14 



91.0 

98.5 

81.7 


5.3 


25 








6.8 

26 


46.7 







28 



111.0 i 

127.6 




19.4 

36 



1 

1 

,92.8 
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TABLE III 


Uptake of small doses of iulravctwusly injected Fc^'^ by the red corpuscles of iron-deficient pigs 


Pig number 

9-25 

9-2f> 

1 

9-27 

9-t6 

9-17 

9-18 

9-19 

9-50 

9-51 

Age, days 

146 

146 i 

146 

84 

84 

84 

67 

67 

67 

Wcicht (kgm.) 

36.8 

29.3 

37.9 

25.9 

27.0 

25.2 , 

20,0 

2.3.7 

34.5 

Previous injections ol i’e®', 

0 

0 

0 

1 

1 

1 

0 

0 

0 

number 










Previous injections ol be*"', 

0 

0 

0 

5.75 

6.75 

5.23 

0 

0 

0 

amount (mgm.) 










Days since previous injec- 

0 

0 

0 

17 

17 

17 

0 

0 

0 

tionj 










Fc®’ injected, amount 

0.48 

0.27 

0.40 

0.26 

0.27 

0.25 

0.20 

0.24 

0.35 

(mgm.) 






I 

1 

! 

I 

1 


Days after injection 

Percentage iiptatc 

2 

1 

22.2 

37.0 

33.0 

37.8 

46.7 

84.0 

1 



3 

1 

1 


1 

1 


82.6 

59.0 i 

66.0 

5 

52.2 

54.1 

42.2 

98.4 


127.6 




6 


1 


i 



74.7 

76.8 

84.0 

7 

63.0 

65.4 

42.2 







9 

57.0 

92.5 

58.7 







10 1 

1 






89.0 



11 

1 



110.0 

98.5 

134.0 




15 1 

92.0 i 


63.2 







17 






1 


97.0 

98.5 

19 1 

88.7 


90.5 

120.0 

107.0 

138.0 

1 





TABLE IV 

Uptake of large doses of intravenously injected by the red corpuscles of iron-deficient pigs 


Pig number 

[ 9-25 

9-26 ' 

9-27 

9-46 

9-47 

9-48 

9-49 

9-50 

9-51 


167 

167 i 

167 

67 

67 

67 

84 

84 

84 

Weight (kgm.) 

1 46.4 

37.2 

48.3 

23.0 

23.3 

20.9 

21.3 

28.2 

42.7 

Previous injections of b 

1 

1 

1 

0 

0 

0 

1 

1 

1 

number 

Previous injections of Fe®^ 

0.48 

0.27 

0.40 

0 

0 

0 

0.20 

0.24 

0.35 

amount (mgm.) _ 

Days since previous injec- 

21 

21 

21 

0 

0 

0 

1 

17 

1 

17 

17 

tions 

Fe®® injected, amount 

19.35 

12.30 

16.17 

5,24 

5.65 

4.89 

5,33 

7.05 

10.70 

(mgm.) 

i , ___ 

1 

i 

1 


1 




Days after injection 

I 

j Percentage uptake 

2 

59.0 

28.8 

33.9 




48.3 

43.8 


3 




53.3 

69.5 

82.3 



1 60.0 

4 ' 

75.7 











55.8 

65.3 




65.2 

58.5 

i 102.0 

6 

91.2 



77.0 

100.5 

102.0 




*7 



86.2 



! 


1 

1 

8 

99.0 



100.0 






0 


61.5 

83.5 







in 





95.5 

109.0 




11 







79.0 

75.6 

120.0 

13 

112.0 









14 


62.5 








1 ^ 




102.0 






xo 

1 7 





104.0 





1/ 

19 



i 

1 




84.3 

101.0 
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Fig. 3. Uptake of Intravenously Injected Radioactive Iron (Fe“) by the Red Cells of a Pyridoxine- 
Defioent Pig before and after the Administration of Pyridoxine (Bt) 

Two injections of Fe”, each 250 per kgm. body weight, were made. The percentage uptake has been cal- 
culated on the basis of the sum of the 2 doses. 

That the iron which failed to enter the red cells before pyridoxine was given had been stored, is indicated by the 
appearance of the radioactive iron in the red cells after normal hemoglobin formation was made possible by the 
administration of pyridoxine. 


mixture (S. aureus and E. coli), were both given 
intravenously 100 mgm. of iron per day for 4 days. 
The uninfected pig (9-49) showed prompt and 
rapid hemoglobin synthesis. From calculations of 
the total circulating hemoglobin before and after 
treatment, it is estimated that 83 per cent of the 
iron was utilized for hemoglobin formation. On 
the other hand, the animal receiving the bacterial 
mixture did not respond significantly to iron 
therapy until the bacterial injections were stopped 
and penicillin was used. 

fn Figure 6 is shown the effect of infection on 
the response of pyridoxine-deficient pigs to vita- 
™m Be. One pyridoxine-deficient pig (9—40) was 
given daily intramuscular injections of a bacterial 
muxture. Both were given pyridoxine intramuscu- 
^ y- As will be seen, the animal receiving the 
acterial mixture formed hemoglobin but slowly, 
ayen though large amounts of pyridoxine were 
p\en, whereas the non-infected pig sjmthesized 
hemoglobin promptly. 


In Table V is presented evidence that Fe'® ap- 
pearing in the blood cells is present as hemoglobin 
iron. The considerable variation in some in- 
stances, well beyond the usual error in the recovery 
and counting of Fe'® in a sample of blood (7), may 
be ascribed to the small quantity of hemin isolated 
and thus to the unusually small number of counts 
with which we were dealing. In spite of this tech- 
nical difficulty, it will be noted that the average 
values for these animals showed approximately 
100 per cent of the red cell Fe®® to be hemoglobin 
iron. The procedure employed for isolating and 
purifying the hemin could not possibly have car- 
ried through Fe®® which was not in the hemo- 
globin structure originally. 

DISCUSSION 

It is clear from the present studies that marked 
retardation of hemopoiesis occurs as a result of 
inflammation. This is in agreement with the 
findings of Robscheit-Robbins and Whipple (13) 




110 


WINTROHE, GREENBERG, HUMPIIREYS, ASHENBRUCKER, worth, and KRAMER 


wlio showed that a sterile abscess will diminish the 
production of new hemoglobin in the anemic dog 
when liver is being fed. That so powerful a stimu- 
lus as intravenous iron therapy for an iron- defi- 
cient animal, or pyridoxine for a Bfl-deficient pig, 
cannot overcome the retardation or does so slowly 
and incompletely, attests to the severity of the ef- 
fect of inflammation. Hemoglobin production 
normally has priority over other protein produc- 
tion (14). Any process which has precedence 
over hemoglobin formation can be expected to be 
important to the suiAuval of the animal. 

There is no reason to assume that the mechanism 
whereby hemoglobin formation is retarded by 


acute inflammation is difTcrent from that associ- 
ated with chronic infection, even though anemia 
more commonly accompanies the latter than the 
former. That time is required for anemia to de- 
velop suggests that blood destruction is not a 
significant factor; instead, as red corpuscles wear 
out, they fail to be replaced. The "life cycle” of 
the red corpuscle is thought to be about 125 days 
(15). 

It is of interest in connection with the patho- 
genesis of the anemia of infection that the pyri- 
doxine-deficient pig which represents, in a sense, 
a state of supersaturation with iron, is incapable of 
synthesizing hemoglobin efficiently in the presence 


Uploks of Red Co!U in Iron Oofieknl Pijo 




Fig 4 The Influence of Acute Inflammation on the Uptake of Intravenously Injected Radioactive 

' Iron by the Red Cells of Iron-Deficient Pigs 

In all instances small amounts of iron were given (10 /tg. per kgm. body weight). The interrupted lines rep- 
resent the uptake before the experimental procedure was carried out and the continuous line indicates the uptake 
after inflammation was produced. 

Note that in every instance but one, a marked retardation of uptake occurred whether turpentine or a bacterial 
culture was injected, or a burn was produced. 
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Fig. S. The Effect of Inflammation Produced by Daily Bacterial Injections on the Hemopoietic Re- 
sponse OF Iron-Deficient Pigs to the Administration of Iron 
In the non-infected animal (9-49) the intravenous administration of 400 mgm. iron, given as ferric chloride 
reduced by ascorbic acid, and then brought to neutrality with alkali, was followed by a prompt and almost com- 
plete utilization of the iron for hemoglobin formation as estimated from the rise in calculated total circulating 
hemoglobin. In the infected animal, on the other hand, the rise above the average level preceding iron administra- 
tion was comparatively small until the injections were discontinued, the abscesses were drained, and penicillin 
was given. Following such treatment the hemoglobin rose to the expected level. 


of infection, even when pyridoxine is given. This 
suggests that a limitation of iron is not the primary 
cause of the anemia of infection. In the paper 
(16) which follows, additional evidence is pre- 
sented which indicates that this anemia does not 
result from a lack of iron. 

Comment may be made concerning the useful- 
ness of the radioactive technic as a measure of 
retarded hematopoiesis. Observation of the rate 
and extent of the uptake of intravenously admin- 
istered Fe'® is useful, particularly, in circum- 
stances in which retarded hemoglobin formation 
IS suspected but anemia is not present. Theoreti- 
^lly> at least, it should also be helpful in the study 
o cases where diminished red cell destruction 
^ists to compensate for impaired hemoglobin 
oimation. In using radioactive iron for such 
purposes, it is important to employ such amounts 
as will test the functional efficiency of the hemo- 
poietic sj'stem, and yet will not be so great that 


the major portion of the iron given must neces- 
sarily be shunted into the iron stores, 

SUMMARY 

1. The uptake of radioactive iron, injected in- 
travenously, has been stuffied in normal growing 
and mature pigs, in iron-deficient and in pyri- 
doxine-deficient pigs, and in such animals when 
inflammation was produced by various means. 

2. For this purpose, 2 different quantities of 
iron were used, one corresponding to the amount 
assumed to be absorbed daily from the diet, the 
other corresponding to the estimated amount de- 
rived from normal hemoglobin catabolism. These 
quantities have been selected in order to test the 
functional capacity of the hemopoietic system. 

3. It has been shown by the isolation of hemin 
that the radioactive iron appearing in the blood 
is present in the hemoglobin moiet}'. 
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Fig. 6. The Effect of Inflammation Produced by Daily Intramuscular In- 
jections OF Bacterial Cultures on the Hemopoietic Response of Pyridoxine- 
Deficient Pigs to the Administration of Pyridoxine 


In the non-infected animal (9-22) the injection of pyridoxine was followed by a 
prompt and marked rise in hemoglobin, whereas in the pig in which infection was 
produced (9-40), the response was slow, small in amount, and was not maintained, 
even though much larger amounts of pyridoxine were given. 


4. It has been demonstrated that the uptake of 
radioactive iron is rapid and complete in iron 
deficiency; slow, and even negligible, if large 
doses are used, in pyridoxine deficiency; and in- 
termediate, between these extremes in normal 
animals. 

5. In spite of the pronounced avidity of the 
iron-deficient animal for iron, in the presence of 
inflammation the uptake of iron is markedly im- 
paired. 

6. In pyridoxine deficiency the rapid and effi- 


cient uptake of iron which follows the adminis- 
tration of pyridoxine, is markedly reduced by th{ 
presence of infection. 

7. It is concluded that the anemia of infectior 
is caused by impaired hemoglobin production, 
Anemia does not appear at once, however, for it 
is only when outworn red corpuscles must be 
replaced that the defect is noticeable. 

The radioactive iron used in these studies was obtained 
from the Massachusetts Institute of Technology through 
the courtesy of Dr. Robley D. Evans. 
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TABLE V 


Conversion oj inlravenously injected 
{a hemogtodin iron in pigs 


Ani- 

mal 

no. 

Status 

Day 

lollowing 

Fe« 

injection 

Percentage 
uptake oi 
Ke'‘ 
by RBC 

Percentage 
of RBC Fe« 
which is 
hemoglobin 
iron 

9-22 

Pyridojdne deficient 

5 

, 7 

1 50 

1 53 

i 51 

101 

101 

116 



; 9 

9-24 

[ Iron deficient 

7 

43 

106 


i -h infection 

9 

43 

119 

9-26 

Iron deficient 

2 

37 

104 



5 

54 

122 



7 

65 

97 

9-30 

1 

Normal 1 

1 

5 

61 

126 

9-42 

Pyridoxine deficient 

2 

24 

\ 

102 

9-46 

Iron deficient 

2 

62 i 

89 

9-47 

Iron deficient 

2 

37 

109 

9-49 

Iron deficient 

2 

59 

103 

9-50 

Iron deficient 

i 

2 

62 

95 

Average Fe*’ as hemoglobin iron 

107 


Calculations; 

a. Counts per mgm. hb. iron 

_ Counts per gram hb. in original blood 
3.39 

b. Counts per mgtn. hemin iron 

_ Counts per 10 mgm. c^stallized hemin 

0.86 

Percentage of RBC Fe'® which is hemoglobin iron 

= - X 100. 

C 
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The pronounced and persistent hypoferremia 
which accompanies infection, and the rapidity with 
which intravenously injected iron is removed when 
given in such cases ( 1 ) , have led to the suggestion 
that the anemia of chronic infection results from a 
local iron deficiency in the bone marrow. Since the 
quantity of free protoporphyrin in the erythrocytes 
has been found increased in association with the 
anemia of infection, the possibility exists that this 
anemia is the consequence of deficient formation of 
hemoglobin resulting from a lack of iron. 

The studies to be described here were designed 
to test the validity of this hypothesis. Iron was in- 
fused continuously in patients with chronic infec- 
tion in order to determine whether, by raising the 
iron level to the normal value, synthesis of hemo- 
globin could be induced. These observations have 
made it possible to study the rate and degree of 
diversion of iron from the plasma in infection. 
Several observations also have been made of the 
uptake of intravenously administered radioactive 
iron by the red cells of patients with acute and 
chronic infections. Evidence will be presented in 
this communication suggesting that while a rapid 
removal from the plasma of injected iron occurs in 
infection, another factor, rather than lack of iron, 
may be responsible for the development of anemia. 

METHODS 

Ferrous ascorbate was used for the continuous in- 
fusion studies. A 2 per cent aqueous solution was carried 
through a Seitz filter. With a syringe this was added 
to a bottle containing SOO ml. sterile 5 per cent glucose 
solution; thus, the final solution contained 4 mgm. of 
iron per 100 ml. Since ferrous ascorbate is a complex with 
varying amounts of iron (2), each lot had to be analyzed, 
and the amount used varied accordingly. To obtain 
quickly the elevated plasma iron level, a single dose of 

1 Aided by a grant for the study of the pathogenesis of 
the anemia of infection from the United States Public 
Health Service ; and by grants for the study of hematolo^ 
and nutrition from the Upjohn Company and Parke, Davis 
and Company. 


10 mgm. of iron as the ascorbate was injected intra- 
venously sliortly after starting the infusion. Considerable 
difficulty was encountered because of the frequent devel- 
opment of phlebitis after prolonged infusion of iron. This 
may have been due to the fact that the solutions were too 
acid (the undiluted ferrous ascorbate solutions exhibited 
a pH of about 4), or it may have been caused by the 
continued exposure of the blood vessels to relatively high 
concentrations of iron. Later it was found that it is pos- 
sible to raise tbe pH somewhat if an excess of ascorbic 
acid is added and the solution is titrated with alkali, as 
we have done in studies with radioactive iron (3). The 
radioactive iron for the uptake studies was prepared ac- 
cording to tlie procedure described in the preceding paper 
(3), but in patients pyrogen-free, water was used, and tbe 
final solution was heated at 70° C. for 3 hours. 

The methods for preparing and electroplating Fe“ in 
the blood samples have been described elsewhere (4). 
In these studies, blood volume has been estimated by as- 
suming a value of 80 ml. per kgm. body weight (S). A 
few determinations of hemin Fe" have been made accord- 
ing to the technique described in the previous paper (3). 

Plasma iron was estimated according to tbe method of 
Kitzes, Elvehjem and Shuette (6). 

RESULTS 

Diversion of intravenously injected iron: 

In Figure 1 are presented the results of the con- 
tinuous intravenous infusion of iron in patients 
with chronic infection and anemia. It will be seen 
that very great difficulty was experienced in main- 
taining an elevated plasma iron level in the pres- 
ence of infection. In order to maintain the plasma 
concentration at the normal level, it was necessary 
to employ several times the quantity of iron tliat 
might have been expected on the basis of single in- 
travenous injections of iron. When the quantity 
of iron infused per unit of time was doubled, the 
plasma iron level increased by much less than a 
factor of 2. . On the other hand, it was relatively 
easy to produce a high plasma iron level in the 
iron-deficient patient shown in the same figure. 
It is known that the iron-deficient patient takes up 
iron rapidly for hemoglobin formation. Conse- 
quently the drain on the plasma iron in the pres- 
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ence of infection must be considerably greater than 
that associated with increased hemoglobin syn- 
thesis following the administration of iron in iron 
deficiency anemia. 

That the forced elevation of the plasma iron level 
did not produce increased hemopoiesis is shown 
by the results in the case of C. S. (Figure 2) . Al- 
though this patient’s iron level was maintained at 
approximately the normal value for as much as 72 
hours, and enough iron was infused in the 2 at- 
tempts to form 31 and 80 grams of hemoglobin. 


respectively, little increase in reticulocytes oc- 
curred, and no significant increase in hemoglobin 
per 100 ml. of blood took place. 

Table I summarizes data presented in paper I 
of this series (1) on the rate of disappearance from 
the plasma of iron after a single intravenous in- 
jection. From these data it is possible to show 
that in both the normal subject and in the patient 
with infection, some mechanism acts to prevent the 
plasma iron level from rising to the expected val- 
ues after the injection of iron. In the patient with 




Fig. 1. The Effect on the Plasma Iron Content of Single and Continuous Injections 
OT Iron Ascorbate in a Patient with Anemia Associated ^VITH Infection (C.S.), in a 
atient with Iron Deficiency Anemia (J.H.), and in a Patient with Central Nervous 
system Syphilis (K.B.) 


patient’s initials are given the plasma iron (Fe), the erj'throcj-te protoporphyrin 
t • •), the serum copper (Cu), the volume of packed red cells (Ht.), and the mean corpus- 
concentration (MCC). [For normal values see (1).] 
ote that in the cases of infection the plasma iron content could not be maintained at a level 
ig er than normal, even though much larger quantities of iron were being injected intravenously 
lan would be expected to be necessary from the rate of disappearance of single injections of iron. 
IS t\as not true in the case of iron deficiency anemia, even though the need for iron was great 
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Fig, 2. Failure to Induce Blood Formation or to Produce a Significant Re- 
ticulocyte Response in a Patient with a Chronic Infection, Even When 
Iron was Given Continuously by Vein and the Plasma Iron was Maintained 
AT A Normal Level 

Further details concerning this patient (C.S.) are presented in Figure 1. 


infection this “brake” apparently acts at a lower 
level of iron. If it is assumed that the blood vol- 
ume corresponds to 80 ml. per kgm. body weight, 
and that the patients and the normal subjects had 
average packed red cell volumes of 35 and 45 ml. 
per 100 ml., respectively, it is possible to calculate 
that, on the average, the plasma iron of the pa- 
tients should have risen 250 /xg. per 100 ml, and 
the plasma iron of the normal subjects should have 
increased 311 /xg. per 100 ml. of plasma after the 
injection of 137 fxg. and 130 fxg. iron per kgm., 
respectively. Thus, in the patients, on the average, 
a maximum level of 43 + 250 = 293 fxg. per 100 
ml. should have been attained, and in the normal 
subjects a peak value of 126 4- 311 = 437 pg. per 


100 ml. should have been reached. The actt 
observed average levels were 196 and 315 /x 
respectively. Failure to observe higher values w 
not due to a failure to obtain the true peak, sin 
in one normal subject blood samples were dra\ 
each minute or two for 10 minutes after the i 
jection of iron ; the peak rise was at approximate 
5 minutes. Thus, the rate of loss of iron from t 
plasma in the first few minutes is approximate 
100 times as rapid as in the succeeding houi 
The data indicate that the rate of disappearance 
iron from the plasma of a patient with infectio 
is about twice that seen in the normal subject 
the time following the initial few minutes aft 
the injection of iron (Table I). 
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TABLE I 


«>/ disappearance of iron from the plasma following a 
single intravenous injection of iron in normal 
subjects and in ^tients with infection 




i- 

Maximum 

rise 

5 minutes 
after 
injection 

\ Iron lost per hour per kzm. 


Fe 

in- 

jected 

Initial 

plasma 

iron 

level 

At hour 

1 

1 

At hour 
2.5 i 

At level 
of 140 >*g. 
iron per 
100 ml. 
plasma 


, Normal subjects 


Number 

of 

subjects 

13 

13 

13 

13 

13 

4 

Range j 

fiS- 

C. 

137 , 

lie. ter 
too ml. 

85-237 

oe. ter 
100 ml. 

262-392 

Pi- 
ss to 
-1-11 

pi- 

—4 to , 
-25 1 

PS. 

— 11 to 
-13 

Average 

137 

126 

315 

-10 

-12 

-12 


Patients with infections 


Number 

of 

subjects 

13 

i 

1 

14 

14 

1 

14 

14 

10 

Range 

Mi- : 

kim. 1 

130 j 

PS- ter 
100 ml. 

16-90 

1 

PS. ter 
100 ml. 

137-246 

PS- j 

0 to 1 
-38 1 

PS- 

0 to 
-39 

PS. 

-15 to 
-90 

Average 

130 

43 

196 

-17 

-27 

-27 


In order to determine how rapidly the mech- 
anism operating in infection can readjust to pre- 
vent a further rise in the plasma iron level, 3 in- 
jections of iron, 2 in a period of 1 hour, were 
given to a patient suffering from pneumonia. The 
results of this experiment are shown in Figure 3. 
It will be observed that the rise obtained after the 
third injection was only slightly higher than that 
obtained after the second injection given 1 hour 
efore. ^ On the basis of the peak rise after the 
second injection it might be expected that the level 
, ollowing the third injection would have been 334 
Pg- iron per 100 ml. The observed rise was to 266 
Pg- per 100 ml. Apparently the mechanism pre- 
■lenting the rise in plasma iron is able to readjust 
Itself quickly in infection. 

I'hc uptake of Fc'^^: 

^ illustrates the results of preliminary 
>03 on the rate of incorporation of intrave- 



Fig. 3. The Effect of Attempts to Raise the 
Plasma Iron Level by the Intravenous Administra- 
tion OF Repeated Doses of Iron in the Presence of 
Infection 

It was difficult to maintain a high plasma iron level, 
even when a second injection was made before the plasma 
iron content had dropped. Note also that the rise fol- 
lowing the third injection was relatively slight as com- 
pared with the rise following the previous injections. This 
suggests that a “braking" mechanism exists. 

nously injected Fe^® into the erythrocytes as hemo- 
globin iron in patients with various infections, 
and in normal subjects. The dose of Fe'® em- 
ployed in these studies ranged beriveen 3 and 4 
mgm., depending on the body weight. These data 
suggest that the degree of impairment of the up- 
take of Fe®® appears to be roughly proportional 
to the severity of the infection. It will be noticed 
that while there was an initial delay in the uptake 
of Fe'® by the patients with infection as compared 
to the normal subjects, in some of the patients 
after the first few days the rate of uptake approxi- 
mated that of normal subjects, and the labelled 
iron was utilized almost completely. An example 
of this is seen in the case of T. G. who was suffer- 
ing from a long-standing osteomyelitis. This pa- 
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uptake of intravenous Fe^^BY RED CELLS 



Fig. 4. Uptake of 3 to S mgm. Intratonously Injected Radioactive Iron (Fe“) by the Red Cells of Nor- 
mal (N) AND Iron-Deficient (Fe Def.) Patients, and in Patients b-ith Various Infections 
In the patients ivith severe infections (C. S. and J. W.) there was not only a delay in uptake, but the uptake never 
was complete ; whereas in those less ill, less difference was observed as compared with uptake in normal individuals. 

C. S. had chronic suppurative arthritis and chronic pyelonephritis. The volume of packed red cells (Ht.) was 
28 ml. per 100 ml. blood. J. W. had subacute bacterial endocarditis, Ht. 30 ml. Both O. B. and T. G. had osteo- 
myelitis and the volume of packed red cells was 39 and 40 ml., respectively. H. Me. had rheumatic fever, Ht. 42 ml. 


tient exhibited extremely low plasma iron concen- 
tration, rapid diversion from the plasma of intra- 
venously injected iron, high erythrocyte proto- 
porphyrin level and elevated serum copper, in ad- 
dition to anemia. He was refractory to all forms 
of iron therapy (1). Yet approximately 100 per 
cent of the small dose of Fe®® which was given 
did enter his red cells. This was to be expected 
since, at a rate of hematopoiesis which maintains 
hemoglobin at 50 per cent of the normal, it can be 
calculated that about 12 mgm. of iron is being 
converted into hemoglobin in a man of average 
size (7). 

Table II presents evidence that Fe®® appearing 
in the red cells after intravenous injection is pres- 
ent as hemoglobin iron. Hemin was isolated and 
its Fe®® content per mgm. of iron was compared 
with the Fe®® of the original blood per mgm. of 


hemoglobin iron. Such data have been presented 
for pigs in the preceding paper (3). 

DISCUSSION 

These observations indicate that in both normal 
subjects and in patients with infection, a mech- 
anism operates which prevents the plasma iron 
level from increasing beyond certain limits. The 
major loss of injected iron occurs during the first 
few minutes when the rate of loss may be as much 
as 100 times as rapid as the loss in the ensuing 
hours. The initial loss of iron is approximately 
of the same absolute order of magnitude in both 
the normal subject and in the patient with infec- 
tion, whereas the ensuing rate of loss is about 
twice as rapid in the presence of infection. This 
braking mechanism is so powerful that as more 
iron is given and the level is raised by repeated 
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TABLE n 


Quantity of red cell existing as hemoglobin iron 


Subject 

Status 

I 

Day following 
Fc** injection 

Percentage of 
RBC Fc“ 
present as 
hemoglobin 

R.K. 

Normal female 

21 

105* 

R.G. 

Normal male 

16 

107** 

O.B. 

Osteomyelitis 

21 

100* 

A.vj. j 

1 

Femicious 
anemia with ’ 
iron defidency , 

1 

21 ! 

1 

1 

99* 


* The actual jjuantity of isolated hemin analyzed for 
Fe®* -was determined by measuring the iron content of an 
aliquot part (13) and calculating from the known per- 
centage of Fe in hemin. 

** The quantity of isolated hemin analyzed for Fe®’ was 
determined by weighing after drying at 100° C. 

mjections or by continuous intravenous infusion 
of iron, it becomes increasingly difficult to main- 
tain the plasma iron concentration. In a study 
of the use of intravenous iron tolerance curves for 
the differentiation of anemias, Waldenstrom (8) 
likewise concluded that a braking mechanism ex- 
ists which prevents the attainment of calculated 
peak plasma iron values. 

In spite of the existence of such a mechanism, 
it was possible to raise the plasma iron level tem- 
porarily to normal values in anemic patients suf- 
fering from chronic infections; yet hemoglobin 
formation did not take place. The strongest ar- 
piment against the hypothesis that iron is the 
imiting factor in the anemia of chronic infection 
IS the fact that both intensive and prolonged ther- 
apy with iron, administered orally and intrave- 
nously, will bring about increased hemoglobin 
onnation (1). Actually, iron therapy has been 
^ven the most severe test of any employed thus 
ar- Schaefer (9) was able by intensive iron 
erapy to raise the serum iron level of children 
approximately normal values 
out effecting a change in the anemia. Br^ch- 
Stein (10) treated patients 
tu erculosis with iron by mouth for several 
n s at a time. These patients showed a greater 
oh constant rise in the serum iron than was 
^^cise given no iron, but the average 
f^cmoglobin before and after treatment 
"as less than one per cent. 

iron maintained that a normal plasma 

hem-,^' ^ iron can be used for 

opoiesis, for in such a case, in the face of 


persistent hypoferremia, the anemia of infection 
should be progressive and ultimately should be- 
come very severe. Yet it is well known that the 
anemia tends to become fixed usually at a mod- 
erate and, often thereafter, at a rather stable level. 
Furthermore, in the presence of active hemato- 
poiesis we have observed, like others (11), that in 
pernicious anemia after liver therapy as well as 
in iron deficiency anemia, the plasma iron level 
tends to remain low until the anemia has wholly 
or largely disappeared. Very active hematopoie- 
sis can, thus, take place when the plasma iron con- 
tent is low. Finally, as has been shown here by 
the use of radioactive iron, if small amounts of 
iron are given they can be utilized for the forma- 
tion of hemoglobin in spite of the existence of 
infection. That this should be found to be the 
case is to be expected, since otherwise no red 
corpuscles containing hemoglobin would be avail- 
able to replace those which become worn out in 
the course of time. 

As a consequence, it must be concluded that 
although diversion of iron from the plasma occurs 
in infection, the anemia itself does not result from 
a lack of iron. Some other factor may be de- 
ficient, or some enzyme system may be interfered 
with by some process associated with infection. 
In agreement with Brplchner-Mortensen and Stein 
(10) it appears that there is a lack of capacity on 
the part of the bone marrow to utilize iron for 
hemoglobin synthesis rather than unavailability 
of iron. 

In spite of the evidence that the lack of iron 
does not cause the anemia, it is clear that in acute 
and chronic infection a very marked diversion of 
iron from the plasma occurs. The system taking 
up intravenously injected iron in infection ap- 
parently withdraws it from the plasma with more 
avidity than an iron-defident subject uses iron for 
hemoglobin formation. The site of diversion of the 
iron is the subject of the paper which follows ( 12) . 

SUMMARY 

1. Patients with anemia of chronic infection have 
been subjected to continuous intravenous infu- 
sions of iron for periods as long as 72 hours, 

2. Considerably more iron was required to main- 
tain a normal plasma iron level than would be ex- 
pected from the results of a single intravenous in- 
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jection of iron. The higher the plasma iron value 
desired, the more inefficient was the infusion. 

3. In neither case did the infusion of iron result 
in increased hemoglobin formation. 

4. Calculations have been made suggesting that a 
braking mechanism exists which prevents the 
plasma iron from rising above a certain level. 

5. Evidence has been presented from radioac- 
tive iron studies and observations of the nature of 
the anemia, that some iron is capable of entering 
the erythrocytes as hemoglobin in the anemia of 
chronic infection. 

6. Since even very intensive iron therapy is in- 
effective, it follows that iron is not the limiting 
factor in the production of the anemia, even though 
diversion of iron from the plasma does occur. 
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Since hypoferremia is so consistently associated 
with the anemia of infection (1), and since in- 
jected iron appears to be diverted from the plasma 
in infection (1, 2), it seemed desirable to deter- 
mine the fate of the diverted iron. 

In this study, radioactive iron was injected in- 
travenously into normal rats and in rats wth 
acute inflammation. The blood and tissues were 
then analyzed after a period of time for radioactiv- 
ity. Preliminary studies were made in which only 
the blood and liver were analyzed in order to de- 
termine the appropriate amount of iron to employ. 
Radioactive iron was also injected intravenously 
into dogs, and analyses were carried out on a num- 
ber of tissues, including the exudates. 

I 

METHODS 

The radioactive iron used in these studies was injected 
as ferric chloride in physiological saline. For the rats,, 
the concentration was adjusted so that about 0.2 ml. was 
injected for each 100 grams body weight. In all the rats 
the same tuberculin syringe was employed for this pur- 
pose. In order to be certain that the solution did not 
enter subcutaneously, the vein on the lateral aspect of 
the tail was exposed under nembutal anesthesia and the 
solution was injected intravenously. In one experiment 
Fe“ was injected intraperitoneally. 

Inflammation was produced by the intramuscular in- 
jection of 0.5 ml. of turpentine. Robscheit-Robbins and 
Whipple (3) have shown that the resulting sterile abscess 
can be compared with a bacterial abscess. In some ani- 
mals, 0.5 ml. of a mixed culture of 5". aureus and E. coli 
was injected intramuscularly. Injections of bacteria or 
turpjmtine were made about 2 hours before Fe” was 
administered. 

The methods for preparing and electroplating the Fe” 
rom the biological samples have been described else- 
volume was estimated by assuming 
normal mammal possesses 80 ml. blood per kgm. 
> weight. Hemoglobin was determined in a repre- 
sen atne sa mple of the tissue to be analyzed for radio- 
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activity by a modification of the method of Greenberg 
and Erickson (5). The radioactivity attributable to the 
tissue hemoglobin was then subtracted from the total 
radioactivity of the tissue. 

Blood samples were taken in the rats from the ab- 
dominal aorta. Blood hemoglobin determinations were 
made by the photoelectric oxyhemoglobin method of Bell, 
Chambers and Waddell (6). 

The white rats used for these studies were virgin fe- 
males obtained from the Sprague-Dawley Company and 
from the Carworth Farms. The dogs were mongrels 
secured locally. 

RESTJLTS 

Table I summarizes the results of analyses of 
the blood and liver of rats which received Fe'® 


TABLE I 

Distribution of injected {i.v.) Fe^^ in rats 
48 hours after injection 





Proportion 




found in 

Num- 






bcr 

of 

rats 

Esperimental procedure 

Fe” 

injected 

Blood 

Liver 

Blood 

plus 






fiver 



TT ^CT 100 

^er 

■per 

per 



Srams 

cent 

cent 

cent 

3 

Turp, i.m. 1 ml. 

10 

15.2 

59.5 

74.8 

3 

None 

10 

35.2 

36.3 

71.5 

4 

Turp. i.m. 0.5 ml. 

10 

9.1 

61.1 

70.2 

5 

None 

10 

24.3 

38.5 

62.8 

4 

fTurp. subcut. 0.5 ml. 
\Bact. mix, 0.25 ml. 

10 

33.7 

25.5 

59.3 

4 

Bact, mix. i.m. 0.25 ml. 

10 

22.0 

32.8 

54.8 

3 

Turp. subcut. 0.5 ml. 

10 

39.7 

22.0 

61.7 

4 

Turp. subcut. 0.5 ml. 

10 

46.8 

17.2 

64.0 

4 

None 

10 

38.8 

25.5 

64.3 

3 

Turp. i.m. 0.5 ml. 

3 

26.1 

37.8 

63.9 

3 

None 

3 

39.1 

24.6 

63.7 


intravenously. It will be seen that usually the rats 
which had been subjected to acute inflammation 
showed more Fe'® in the liver than was the case 
in the control animals. On the other hand, the 
control rats showed better uptake into the red cells 
than those wdth inflammation. In general, the sum 
of the radioactivit}' in the blood and liver of the 
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Fig. 1. To Illustrate the Inverse Correlation of 
THE Quantity of Radioactive Iron in the Blood and 
That in the Liver Following its Intravenous In- 
jection Both in Normal Rats and in Rats Receiving 
Bacterial or Turpentine Injections 


control animals was approximately equal to the 
same sum in the animals with inflammation. This 
is graphically illustrated in Figure 1,. In this 
figure the percentage of Fe®® in the liver of each 
animal is plotted against the corresponding Fe®® 
percentage in the blood. It may be observed that 
the points for the control ' animals and for those 
with inflammation fall along the same general 
line of correlation. When the iron was not found 
■ in the blood, it was in the liver. In no case, how- 
ever, did the values for normal animals fall in the 
upper portion of the curve. 

It should be pointed out that certain animals 
injected with turpentine apparently did not ex- 
hibit retardation of uptake of Fe®® by the red cells. 
The results in these animals together with their 
controls have been included in Figure 1. Sprague- 
Dawley rats were apparently considerably more 
sensitive to turpentine inflammation than were 
those of the Carworth Farm. Unfortunately, at 
the time these experiments were conducted it was 
very difficult to obtain the former animals. In 
these rats the liver and blood Fe®® percentages ap- 
proached those of the normal animals. However, 
whether or not diversion to the liver occurred, the 
reciprocal relation of blood and liver Fe®® was 
maintained. 


TABLE n 

Dislribulion of (25 fig. per 100 grams) injected 
inlraperiloncally in rats 


Ji.tt 

Experimental 

Time 

after 

Proportion found in 

no. 

procedure 

injec- 

tion 

Biood 

Liver 

Spleen 

Total 

1 

Control 

hours 

66 

per cent 

24.3 

Per cent 

9.3 


per cent 

34 

2 

Control 

66 

18.7 

6.4 

0.8 

28 

3 

Control 

66 

25.8 

9.5 


36 

Average 


22.9 

8.4 

0.5 

32 

4 


66 

m 

13.3 


35 

5 


66 


Ml 

1.1 

26 

6 


66 



0.7 

31 

Average 


17.1 

11.7 

1.7 

31 

7 

Control 

90 

26.9 

8.1 

♦ 

35** 

8 

Control 

90 

30.6 

3.9 

0 

35 

9 

Control 

90 

28.5 

♦ 

0.7 

35** 

Average 


28.6 

6.0 

0.4 

35 

10 

Turp. i.m. 1 ml. 

90 

24.9 

11.5 

1.0 

37 

11 

Turp. i.m. 1 ml. 

90 

19.8 

9.3 


29** 

12 

Turp. i.m. 1 ml. 

90 

17.5 

10.8 

0.7 

29 

13 

Turp. i.m. 1 ml. 

90 

22.4 

9.4 

1.0 

33 

Average 


21.1 

10.3 

0.9 

32 


* Sample lost. 

** Calculating by assuming lost sample to be equivalent 
of average finding in other animals. 


In Table II are shown the results of an experi- 
ment in which Fe®® was injected intraperitoneally, 
rather than intravenously, in rats. Analyses of 
the blood, liver and spleen were made on % the 
animals at approximately 3 days, and on the other 
Ysi approximately 4 days following the injection 
of Fe®®. It will be seen that the distribution of 
the Fe®® tended to follow the same pattern as that 
observed after intravenous injection, except that 
in the latter case more was recovered in the pe- 
riod of time the animals were studied. It cannot 
be said with any assurance that an increase oc- 
cured in the relative percentage of Fe®® in the 
spleen in the animals with inflammation as com- 
pared with their controls. 

Table III presents an experiment in rats in 
which analyses were made of the Fe®® content of 
normal and inflamed muscles together with analy- 
ses of the radioactivity of the livers and spleens. 
As will be observed, very little Fe®® could be ac- 
counted for in either the inflamed or normal mus- 
cle 48 hours following the turpentine injection. 
On the other hand, the liver and blood again ac- 
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TABLE in 

Dislribution of injected (i.v.) Fe** 
10 /tg. per 100 grams body weight 




Proportion of Injected Fe** fotfnd in 



Leg muscle 




Rat 

no. 

Erperimental 

procedure 

(per gram 
wet weight) 

Whole 

Liver 

Blood 

plus 

liver 


1 ' 


In- 

blood 



Nor- 





1 mal 

flamed 






leg 

leg 






per cen 1 

, Per cent 

per cent 

Per cent 

Per cent 

1 

Staph.l. i 

E. coliP-'^- 

0.6 

i.i 

28 

31 

59 

2 

Turp. i.m. 

0.0 

0.4 

48 

14 

62 

.3 

Turp. subcut. 

0.0 

4.4 

38 

21 

59 

4 

Turp. ] 

Staph’. Vi.m. 

E. coli) 

1.0 

2.0 

31 

30 

61 

5 to 8 

None 



39 

25 

64' 


counted for most of the Fe^®. Apparently a small 
increase in the proportion of Fe'® takes place in 
the inflamed muscle. 

Table IV presents the results of an experiment 
in which Fe'® was injected into 2 dogs, one of 
which had received turpentine intramuscularly. 
The dose of iron employed was much larger than 
those used in the rat experiments. It will be seen 
that most of the Fe®® was found in the liver even 
in the normal dog. This is in agreement with the 
results of Hahn and coworkers (7) who noted that 
the major portion of a large dose of intravenously 
injected Fe®® is deposited in the liver, mainly as 
storage iron. It will be noticed that the percentage 


of Fe®® in the blood of the normal animal was more 
than twice that in the blood of the animal with in- 
flammation. In addition it will be observed that 
more Fe®® was found in the spleen of the dog with 
inflammation than in the normal animal. The 
spleen is said not to enter into iron metabolism 
to the degree that the liver is concerned (8). It 
is of interest, finally, that no significant quantity of 
Fe®® was found in the inflamed muscle, in the ex- ’ 
udate of the sterile abscess, or in the excreta. It 
should be mentioned that the analyses of the stools 
and bone marrows were made difficult by the pres- 
ence of inorganic salts. The results are to be re- 
garded only as approximate indices of the pro- 
portion of Fe®® carried to the stool and the bone 
marrow. 

DISCUSSION 

These results indicate that in infection a signfi- 
cant proportion of injected radioactive iron is not 
diverted away from the usual organs engaged in 
iron metabolism. Since the liver is the major iron- 
storing organ it is to be expected that most of the 
iron would be found there. It is of interest that 
Sandberg, Gross and Holly (9, 10) analyzed the 
spleen and liver from human autopsy specimens 
in chronic disease accompanied by anemia, and in 
various types of cancer with and without associ- 
ated anemia. They found large accumulations of 
iron and copper in the liver and spleen, even when 
anemia was absent ; and, in the presence of anemia, 
in amounts out of proportion to the degree of ane- 


TABLE TV 


Distribution of injected (t.t>.) Fe®’ in dogs 


Experimental procedure and 
amt. Fe*> given 

Proportion of injected Fe” found in 

Blood 

Liver 

Spleen 

Plasma 

Muscle 
per gram 
dry n't. 

Stool 

and 

urine 

Marrow 
per gram 
dry wt. 

Total 

day 


per cent 

per cent 

Per cent 

j ^Jcrc enl 

per cent 

per cent 

Per cent 

per cent 

1 

No turp. 










"'Sm. per kgm. 


\ 







3 

Fe 0.44 mgm. per kgm. 
Sacrificed 

5.89 

86.70 

2.04 

0.20 

0.0002 

0.10 

0.004 

95 

1 

Turp. 10 ml. i.m. 









1 

0.31 mgm. per kgm. 









3 

Fe” 0.31 mgm. per kgm. 
Sacnficed 

2.30 

81.30 

4.40 

0.04 

normal 

0.05 

0.004 

88 







0.0006 










inflamed 











0.0040 





The inflammatorj' exudate in an animal given turpentine contained 0.1 per cent of the injected Fe®’ per 100 ml. 
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mia. The present studies indicate that while more 
iron is found in the liver and spleen in infection, 
the increase in these tissues apparently corresponds 
to the quantity of iron not used for hemoglobin 
formation as a result of the retarded hemopoiesis. 
As has been shown in the preceding paper (2), the 
diversion which occurs, while very real, appar- 
ently is not the primary cause of the anemia of 
infection. 

The greater quantit}’^ of iron found in the in- 
flamed tissues as compared with that in the normal 
tissues was not of such an amount as to account 
for the persistent hypoferremia which accompanies 
infection. Menkin (11) found an accumulation of 
intravenously administered iron in the inflamma- 
tory tissues of rabbits. However, although his 
figures indicate that an average of 67 per cent more 
iron was present in the inflamed tissue after iron 
was injected than before, quantitatively the total 
amount of iron concerned was very small. He in- 
jected about 10 mgm. of iron and found 6.5 mgm. 
per 100 grams of dry inflamed tissue. From his 
description it seems unlikely, however, that more 
than 2 grams of dry tissue was inflamed ; thus only 

0.13 mgm. could be accounted for in this way. 
This represents but 1.3 per cent of the 10 mgm. of 
iron injected. This is of the same order of magni- 
tude as was found in our studies. 

It might be argued that this quantity of iron, if 
removed continuously, could produce hypofer- 
remia in a patient with chronic infection. It does 
not seem plausible, however, that a comparatively 
small area of inflammation could take up sufficient 
iron to produce significant hypqferremia and im- 
pair hemoglobin synthesis. The data which have 
been presented suggest that it is the diversion of 
iron to the liver and spleen which is correlated 
with the hypoferremia. 

With further reference to the fate of plasma 
iron diverted in the presence of inflammation, it 
may be pointed out that Hahn et al (12) showed 
that the urine and bile contain negligible quantities 
of iron injected intravenously in doses even larger 
than those used in the present study. In balance 
studies, Schaefer (13) found no evidence of in- 
creased excretion of iron in children with infec- 
tion. It may be noted also that in a previous paper 
of this series (14), an iron-deficient pig with in- 
fection was described which was given large 
therapeutic doses of iron intravenously. This ani- 


mal apparently did not excrete a significant quan- 
tity of iron, since on relief of the infection all of 
tlie injected iron could be accounted for as hemo- 
globin. \ l,;j 

Our data offer no evidence as to the reason for 
the diversion of the iron from the plasma to the 
liver and, to a much smaller extent, to other tissues. 
It must be assumed that this diversion of iron is 
intimately related to some process related to in- 
fection. The present studies indicate that the lack 
of iron is not the fundamental factor in the patho- 
genesis of the anemia of infection. The presence 
of excess erjdhrocyte protoporphyrin and serum 
copper in cases of infection associated with anemia 
(1) suggests that no limitation exists in these sub- 
stances. By elimination, the protein moiety of 
hemoglobin may be suspected as being involved. 
This view is tenable, furthermore, because it is 
well known that a disturbance in protein metab- 
olism occurs in infections. It has been shown that 
in acute infections the urine nitrogen is very 
greatly increased (15), the same being true, 
though to a lesser extent, in chronic infections. 
It is generally recognized that the plasma albumin 
concentration is an index of protein reserves ( 16) . 
Since globin is derived from these reserves (17), 
the fact' that in chronic infection the plasma al- 
bumin concentration may be low (IS) is probably 
significant in relation to the pathogenesis of the 
anemia of infection. 

SUMMARY 

1. Radioactive iron was injected intravenously 
in normal rats and dogs, and in animals with acute 
inflammation, in order to determine the fate of the 
iron. 

2. A number of rats with inflammation showed 
retarded hemopoiesis and increased deposition of 
Fe®® in the liver and spleen as compared to the 
control animals. 

3. There was good inverse correlation between 
the Fe®® in the liver and in the blood in both the 
normal rats and in the animals with inflammation. 

4. Analyses of the inflamed tissues for Fe®® in- 
dicated that no significant quantity of iron is di- 
verted to the inflamed area. 

5. Insignificant percentages of large doses of in- 
travenously injected iron were found in the ex- 
udate of a sterile abscess and in the excreta of a 
dog that had received turpentine intramuscularly. 
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6. It has been concluded that the major diver- 
sion of plasma iron in infection is to the ordinary 
storage tissues, mainly the liver. 

7. This diversion is related to the hypoferremia. 
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During World War I a recently developed dye 
method of measuring plasma volume (1) was em- 
ployed, to a limited extent, in the investigation of 
hemorrhagic and traumatic shock in wounded 
soldiers. Those studies (2 to 4) showed that 
shock was associated with varying degrees of re- 
duction in the measurable total blood volume. It 
was assumed that this reduction resulted in a de- 
creased venous return to the heart, which ac- 
counted for diminished blood flow and death in 
vascular collapse. It was also felt that severity 
of shock as judged clinically was proportional to 
the degree of blood volume reduction. Cannon 
(5) summarized the results of these investigations 
in 1923. There was little change in this concep- 
tion of the fundamentals of shock for several years, 
and, as might be expected, little improvement in 
the therapy of shock. , 

Blalock (6) concluded that the decrease in blood 
pressure in experimental traumatic shock was 
due to loss of blood into damaged areas, or to 
hemorrhage into the intestinal tract (7). Moon 
(8) on the basis of pathological observations on 
dogs dying in prolonged shock (peritonitis) con- 
cluded that increase in capillary permeability per- 
mitting the leakage of plasma from the vascular 
bed was chiefly responsible for loss in blood vol- 
ume. 

iThe work described in this paper was done under 
contracts recommended by the Committee on Medical 
Research, between the Office of Scientific Research and 
■Development and the Massachusetts Institute of Tech- 
nology, in collaboration with the Peter Bent Brigham 
Hospital, Harvard University, the Beth Israel Hospital, 
the Massachusetts General Hospital, and the Huntington 
Memorial Hospital. 


As improvements in the original dye method of 
measuring plasma volume became available (9 to 
11), attention was again concentrated on blood 
volume in shock. It was shown (12) that surgical 
operations may be accompanied by a loss of plasma 
and red cells greater than can be accounted for by 
measured blood loss. A reduction in blood volume 
severe enough to produce severe peripheral vas- 
cular collapse was found to be brought about by 
the excessive sweating accompanying artificially 
induced fever (13). It was observed for the first 
time that shock produced in dogs by thermal bums 
was preceded by great reductions in circulating 
plasma volume (14, 15). 

Hemoconcentration of blood in large vessels has 
been associated with shock, and was thought to 
be characteristic. Scudder (16) suggested that 
the determination of the specific gravity of whole 
blood and, plasma might be useful as a guide to 
therapy. 

Interest in tlie hemodynamics of shock came into 
a renewed focus during the early years of World 
War 11. An extensive historical review of our 
knowledge of shock was published by Harkins in 
1941 (17) and a briefer summary of the known 
physiology of shock by Wiggers in 1942 ( 18) . 

The many blood volume studies in experimental 
shock in animals (19) and of traumatic shock in 
man (20 to 22) carried out during the war have 
amply confirmed the early conception that severe 
oligemia is a constant characteristic of the con- 
dition. 

That significant leakage of plasma from capil- 
laries whose permeability is increased in shock 
does not occur, has been clearly demonstrated by 
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Fine and Seligman (23 to 25). The opinion has 
been expressed by Noble and Gregersen that the 
reduction in blood volume is due to loss of whole 
blood at the site of injury (22). Since their sub- 
jects were accident cases, and the. extent of blood 
loss suffered could be calculated only on the basis 
of blood volume measured after recovery, these 
observations do not indicate whether or not the 
entire reduction of blood volume as measured in 
shock could be accounted for by loss of blood into 
the various sites of injury. 

Early in the course of our work we noted that 
the circulating red cell volume, as measured by 
the specific method of injecting red cells tagged 
with radioactive iron, was always some 15 per 
cent less than when measured by the dye plasma 
hematocrit method (26). This led us to ques- 
tion to some extent the reported changes in cir- 
culating red cell volume obtained by the latter 
method. Furthermore, our early studies in hemor- 
rhagic shock in dogs, in which there was no evi- 
dence at autopsy of internal bleeding, consistently 
showed a reduction in circulating red cell vol- 
ume greater than the cell volume removed, where- 
as dogs bled only moderately, and in whom shock 
symptoms did not occur, did not exhibit such a 
deficit in circulating red cells. This deficit was 
termed “trapping.” 

Root (27) and Chambers (28) made micro- 
scopic observations of capillary circulation in the 
mesentery of rats and dogs. Both observers noted 
that after severe hemorrhage, intestinal manipula- 
tion, and occlusion of blood flow in the leg, numer- 
ous plexi of capillaries contained closely packed 
erythrocytes at a complete standstill, the cells in 
circulation flowing through the larger arterio- 
venous shunts. This suggested that some portion 
of the red cells found to be “trapped” in our hemor- 
rhaged dogs might still be within the vascular bed, 
and yet be temporarily isolated from the main 
course of. the circulating blood. It was of interest 
to know where in the capillaries of the various or- 
gans such “trapping” might occur, and to what ex- 
tent it might progress in relation to the clinical 
signs of impending, early or late shock. 

Methods previously described (29) had en- 
abled us to measure the quantity of red cells and 
plasma within the minute vessels of the organs in 
relation to the total circulating red cell and plasma 
volume. We concluded from these studies that 


(i) all erythrocytes were in active circulation at 
all times ; (2) 17 per cent of the total blood volume 
was within the capillaries; (J) there are pro- 
nounced gradients in the hematocrit of whole blood 
as it flows from larger to smaller vessels; and (4) 
that there are no significant reserves of red cells 
in the body of the normal dog. 

The purpose of the experiments herein re- 
ported was to (I) measure reductions in red cells 
and plasma volume in a variety of experimental 
shock conditions, (2) determine the degree of 
“trapping” of red cells in shock, (2) locate if pos- 
sible the site of red cell trapping, and (4) deter- 
mine the extent of disturbance in normal capillary 
flow in early, reversible and irreversible shock. 

methods 

Plasma volume was determined by the method of Gib- 
son and Evelyn (30), red cell volume by the method of 
Gibson and Peacock (31). Intravascular measurements 
of hemoglobin (25) and of radioactive iodine (25) were 
made as described by Fine and Seligman. 

material studied 

Shock was experimentally induced in normal healthy 
(stray) dogs by hemorrhage, muscle trauma with and 
without hemorrhage (Blalock crusher) (32), muscle 
ligation (33), occlusion of blood flow in extremities 
(tourniquets) (34), bums (flame (14) and hot water) 
and toxins (Shiga (35) and Clostridium (36)). Mor- 
phine narcosis and, in a few cases, nembutal anesthesia 
were used. Clinical condition of animals was followed by 
changes in mean arterial pressure, obtained by -cannula- 
tion of a femoral or carotid artery, registered with mer- 
cury manometer. 

Four groups of experiments were completed, here clas- 
sified by the type of blood volume measurements carried 
out. 

Series I. Total plasma (dye) and circulating red cell 
volumes (radio-iron) in the normal state, and during 
periods of lowered arterial pressure (shock), were deter- 
mined. Some of these animals received plasma or albu- 
min therapeutically. 

Series II. In addition to the observations made in 
Series I, the quantity of total (by hemoglobin or Fe“ 
measurements) and circulating (by Fe“) red cells within 
the minute vessels of several organs was determined. 

Series III. In addition to the observations made in 
Series I and II, the quantity of circulating plasma (by 
radio-iodo-protein) within the minute vessels was deter- 
mined. 

Series IV. Initial circulating cell and plasma volume 
was determined when the animals were in shock induced 
by tourniquets applied to both hind legs for 9 hours. 
These animals ivere treated with ^-an'ing quantities of 
bovine albumin in 5 per cent and 25 per cent solution. A 
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repeat cell and a plasma volume were determined at vary- 
ing; intervals after the albumin infusion. 

Series I. Gross vohanc studies. 

Determinations were carried out in dogs in whom 
shock was experimentally induced as follows: 

Hemorrhage : 

Controls — Bled for samples only — 2 dogs. 

Moderate bleeding but not to shock level — 1 dog. 

Severe bleeding to shock levels — 10 dogs. 

Severely bled, treated with dog plasma — 2 dogs. 

Severely bled, treated with bovine albumin — 1 dog. 

Severely bled, treated with whole dog blood trans- 
fusion — 1 dog. 

Muscle trauma : 

Blalock crusher — 3 dogs. 

Ligation of both gastrocnemii — 1 dog. 

Bilateral occlusion tourniquets — 1 dog. 

Burns : 

Flame, treated with bovine albumin — 3 dogs. 

Water (98° F.)— 1 dog. 

Bacterial toxins : - 

Shiga toxin — 2 dogs. 

Clostridium toxin — 1 dog. 

In all of these e.xperimcnts, the plasma and red cell 
volumes were determined prior to the experimental pro- 
cedure. The total quantity of blood withdrawn, in both 
sampling and intentional and accidental hemorrhage, and 
the hematocrit of that blood were measured. The net 
loss of plasma and cells was taken as the quantities of 
plasma and cells removed minus the quantities of plasma 
and tagged red cells given (as whole blood) for radio- 
iron cell volume measurements. The difference between 
initial and net loss of plasma and cells was termed the 
“expected volume.” Repeat volume measurements, termed 
“found,” were made in shock. If the found cell or plasma 
volume was less than the expected values, these discrep- 
ancies were termed “trapped” ; if greater than the expected 
values, they were termed “mobilized.” The quantity of 
trapped cells of plasma was expressed as a percentage of 
the expected volumes. Auricular, arterial, or venous 
hematocrits were measured directly. The average body 
hematocrit was calculated from total circulating plasma 
volume and red cell volume as measured by radio-iron. 

Series II. 

In 5 dogs the total and circulating red cells (but not 
plasma) within the minute vessels were measured, as 
described above. In addition, circulating red cell volume 
was measured in the normal and later in the shocked state. 

Two animals were bled about % and % of their blood 
volume, and died in shock. One dog had both gastro- 
cnemii ligated, was also bled and died in shock. Two 
dogs received Shiga toxin, and had moderate hemor- 
rhages. Both were sacrificed, one before the onset of 
peripheral collapse and the other in deep shock. 

" Experiments in collaboration with Freedberg, Haimo- 
vici and Blumgart (35). 


Series III. 

In 5 morphinized dogs, the total and circulating red 
cells, and the circulating plasma (by radio-iodo-protein) 
were measured, as described above, in addition to meas- 
urements of total circulating red cells and plasma in the 
normal and later in the shocked state. 

Two animals were bled, one (25-128) moderately, and 
one (25-116) severely. Both were sacrificed before the 
onset of extreme peripheral collapse. Dog 25-129 was 
bled as previously described (37), a mean arterial pres- 
sure of below 30 mm. Hg being maintained for 3 hours; 
all of his own blood was then returned, and a large trans- 
fusion was given (800 ml.). The initial red cell and 
plasma volumes were determined after the transfusion. 
The blood transfusion was of no benefit, and the animal 
was sacrificed terminally. Dog 25-130 had both hind 
legs burned with water at 98° F. and was sacrificed 
in c.vircmis. Occlusion tourniquets were applied to both 
hind legs of dog 25-132 for 9 hours, and the animal was 
in deep shock when sacrificed. 

Series IV. 

A scries of 16 morphinized dogs, in whom deep shock 
was produced by the application of tourniquets to both 
legs for 9 hours, was treated witi) intravenous bovine 
albumin solutions (34). All of these animals had marked 
hemoconcentration, the hematocrits all being above 60, 
and mean arterial pressure fell to below 70 mm. Hg 
shortly after the release of the tourniquets. The auricu- 
lar hematocrit was greatly lowered by the albumin, 
whether given in S per cent solution or 25 per cent solu- 
tion, with or without additional fluid or salt. Circulating 
red cell volume was determined before and after the 
administration of albumin. 

RESULTS 

Series I. 

The extent of ti^pping or mobilization of red 
cells or plasma, expressed as percentages of the 
expected final volume, found in all animals in this 
series is summarized in Table I. 

In the control dogs, bled less than 10 per cent 
of total blood volume for sampling only, no trap- 
ping of cells or plasma was observed. 

Of 11 dogs in hemorrhagic shock, bled a net of 
from 27 to 50 per cent of initial total blood volume, 
10 showed trapping of red cells of from 4 to 48 
per cent of the expected volume; 9 dogs showed 
trapping of plasma of from 8 to 43 per cent. One 
dog, excessively hydrated, showed mobilization 
of both red cells and plasma, and 1 animal treated 
with bovine albumin solution showed mobilization 
of plasma. The dog treated with a large whole 
blood transfusion (25-129) showed trapping of 
both red cells and plasma. 
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TABLE I 


Trapping of red cells (by radio-iron and dye methods) and of 
plasma (dye method) in experimental shock in dogs 




Percentage 

Percentage 

Experi- 

ment 


trapped 

mobilized 

Procedure 






Vrr* 

Vpd* 

Vrr 

Vpd 


135-9 

Control 


11 

1 


25-42 1 

Control 

After plasma 

12 

10 

3 

7 



25-128 

Hemorrhage 

4 

20 



25^1 / 

Hemorrhage 

37 

20 



After plasma 

11 

32 



25-45 I 

Hemorrhage 

18 

19 



After plasma 

22 

28 



135-7 ^ 

Hemorrhage 

8 

43 



135-8 ' 

Hemorrhage 

15 

40 



25-104 

Hemorrhage — dehydrated 

17 

9 



25-105 

Hemorrhage — hydrated 



63 

86 

25-118 

Hemorrhage 

48 

9 



25-120 

Hemorrhage 

11 

8 



25-129 

Hemorrhage — whole blood j 

4 

7 



25-119 

Hemorrhage — albumin 

23 



24 

135-11 

Blalock crusher 

9 

9 



135-15 

Blalock crusher 

21 

24 



135-16 

Blalock crusher 



22 

6 

135-90 

Ligation of muscles 

12 

24 



25-132 

Tourniquets 

10 

57 



131-39 

Bum — albumin 

32 

24 



13 MO 

Bum — albumin 

15 



42 

131-41 

Bum — albumin 

19 



86 

25-130 

Bum 

16 

15 



SA-2** 

Shiga toxin 

3 



16 

SA-3** 

Shiga toxin 

44 

26 



135-136 

Clostridium toxin 

20 



10 


* Vrr = Red cell volume by radio-iron method. 

Vpd =_Plasma volume by dye method. 

* Experiments in collaboration with Freedberg el al (35). 


Two animals injured with the Blalock crusher 
showed trapping, and 1 showed mobilization of 
cells and plasma. Trapping of both cells and 
plasma also was found in a dog both of whose 
gastrocnemii were ligated, and in a dog in whom 
the blood flow to both hind legs had been occluded 
by tourniquets. All 4 burned dogs had extensive 
trapping of red cells, and 2 had trapping of plasma. 
Three of these, burned by flame, received bovine 
albumin, and 2 of these mobilized plasma. 

Minimal trapping of red cells with mobilization 
of plasma was observed in 1 dog (SA— 2) re- 
ceiving Shiga toxin (not in shock) but another 
dog in severe shock showed extensive trapping of 
whole blood. The animal receiving Qostridium 
toxin trapped cells, but mobilized plasma. 

Series II. 

, The unit quantities (ml. per gram) of total and 
circulating red cells in the minute vessels of the 

N 


organs, and the ratio of circulating to total cells, 
are shown in Table II . Also shown are the per- 
centages of expected total red cell volume repre- 
sented by total and circulating red cells in the 
minute vessels of the entire organ masses analyzed. 
In addition, the quantity of trapped red cells found 
by gross volume measurements and the quantities 
found trapped in the minute vessels of the organ 
samples analyzed are shown. 

With certain minor exceptions, the findings in 
the animal sacrificed while not in shock (SA-2) 
were at the lower limit of the normal range. The 
quantity of total and circulating red cells in the 
spleen was about % the normal average, but within 
the normal range ; and in the kidneys, about % of 
normal. The percentage of expected red cell vol- 
ume found as total and circulating cells in all the 
minute vessels was about normal. Trapping of 
cells by gross volume measurements was within 
the accepted limit of error, and no trapping was 
found in the minute vessels, the ratio f2 being 1.00. 

In all 4 dogs in shock, the red cell content of the 
spleen, both total and circulating, was below nor- 
mal, and only about % to % of this reduced con- 
tent of cells was in active circulation. The spleen 
had been emptied of about 34 of its normal red cell 
content. 

Total red cell values were higher than normal in 
dog SA-3 (Shiga toxin), lower than normal in 
dog 25-120 (severe hemorrhage), but showed no 
marked deviation from normal in the other 2 dogs. 
The values for circulating red cells were definitely 
below normal (except in SA-3, in which they 
were high), and in virtually all instances were 
lower than the total cell values. 

In all 4 dogs, the ratio of red cells actively cir- 
culating to those contained in the entire minute 
vessel bed was less than 1, ranging from 0.76 to 
0.83, averaging -0.80. In only one instance out 
of 26 was the f2 value for an individual organ 
greater than one (1.03). Thus about % of the 
total cells in the minute vesels were not in meas- 
urable circulation. 

Scries III. 

The total and circulating red cell content, and 
circulating plasma and whole blood content of all 
the organs are given in Table III. The ratio (f2) 
of rapidly circulating to total red cells for indi- 



TABLE II 

Total and circulating red cell content of minute vessels in 1 dog not in shock and in 4 dogs in deep shock, hi relation to expected and found total circulating red cell 

volume, and the ratio of actively circulating to total red cells in the minute vessels (J 3 ) 
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Excluding muscle. 

Experiments in collaboration with Frcedberg el al (35). 
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vidual organs, and for the entire organ masses 
analyzed ; the percentage of expected as contrasted 
to circulating total red cell, plasma and whole blood 
volume found in the minute vessels ; and the he- 


matocrits of whole blood in minute and large ves- 
sels and auricle are also shown. 

Changes in total red cell and whole blood con- 
tent of the spleens of the 4 animals in whom ob- 


TABLE III 

Total and circulating red cell content, and circulating plasma and whole blood content of minute vessels in 5 dogs in 
experimental shock, in relation to expected and found total circulating red cell, plasma and whole blood volumes, 
and the ratios of actively circulating to total red cells in the minute vessels 






1 



25-128 




Average normal values 



Hemorrhage— 









sacriSced not in shock 


Organ 





1 

1 





Red 


Circ. 


Red cells 


Circ. 

Hct. of 



Plasma 

, whole 

Hct. 



Plasma 

whole 


f2 


cells 




' 


blood 


Total 

Circ. 


blood 

blood 






i>eT cent 







Spleen 

.367 

.06S 

.420 

82 

.149 

.099 

.068 

.167 

59 

0.66 

Liver 

.048 

.115 

.200 

41 

.029 

.028 

.101 

.129 

21 

0.94 

Lungs 

.063 

.115 

.195 

33 

.052 

.051 

.104 

.151 

33 

0.96 

Kidneys 

.037 

.174 

.205 

15 

.017 

.016 

.084 

.104 

17 

1.04 

Heart 

.022 

.049 

.066 

22 

.005 

.005 

.041 

.046 

11 

1.00 

Bowel 

.006 

.050 

.060 

17 

.004 

.005 

.019 

.024 

18 

m 

Muscle 

.004 

.014 

.018 

21 

.003 

.003 

.008 

.011 

26 

■ 1H 

Brain 

.006 

.010 

.013 

IS 

.003 

.004 

.006 

.010 

40 

K 

Average 




32 





25.6 

1.00 

Excluding splenic blood 

Percentage of volume removed 




23* 

34 


23 

30 

21.1 

1.05 

total content in small vessels in ml. 





29.9 

30.8 

87.9 

118.6 

25.2 

1.03 

percentage of expected volume in small vessels 

17 

20 

17 


14.3 

14.7 

16.8 

16.2 

Percentage of circulating volume in small vessels 

17 

20 

17 


15.4 

170. 

16.7 



Red ceUa trappedlS^ volumes 

tissue analysis 

0 

0 

0 


9 






0 

0 

0 


+1 






Percentage of expected cell volume trapped in small 
vessels 

Auricular hematocrit|pjjj*’^ 





43 




39.2 

35.8 



* Excluding splenic blood. 


TABLE III — Continued 




25-116 

Hemorrhage — 
sacrificed early in shock 



25-129 

Hemorrhage — ^blood returned — 
Large transfusion — 
sacrificed in shock* 


Organ 














1 












Red cells 


Circ. 

Hct. 

of 


Red cells 



Hct. 

of 





Plasma 

whole 

f2 



Plasma 


f2 




circ. 

blood 



circ. 

blood 


Total 

Circ. 


blood 


Total 

Circ. 

blood 1 

Spleen 

Liver 

Lungs 

Kidneys 

.047 

.054 

.101 

.155 

35 

0.15 

.140 

.105 

.108 

.213 


0.75 

.027 

,019 

.133 

.152 

12 

0.71 

.180 

.158 

.146 

.304 


0.8S 

.040 

.045 

.136 

.181 

25 

1.12 

.089 

.105 

.124 

.229 


1.18 

.029 

.024 

.138 

..162 

16 

0.83 

.048 

,034 

.167 

.201 

17 

0.71 


.004 

.007 

.038 

.045 

16 

1.74 

.028 

.024 

.039 

.063 

38 

0.86 


.002 

,003 

,036 

.039 

8 

1.44 

.033 

.030 

.033 

.063 

30 

0.91 


.003 

.002 

.010 

.012 

16 

0.61 

.011 

.005 

.008 

.013 

38 

0.45 

Injured muscles 







.009 

.005 

.005 

.010 

52 

0.57 

Average 

Excluding splenic blood 

Percentage ot volume removed 
pf™ in small vessels in ml. 

of expected volume in small vessels 
circulating volume in small 

49 

39.4 

11. 6t 

32.1 ' 

9.5 

37 

172.1 

32.5 

44 

204.1 

23.4 

16.0 

15.2 

IS.7 

1.08 

0.92 

0.82 

0 

133J2 

21.6 

98.4 

15.9 

0 

122.0 

21.4 

0 

220.4 

18.6 

40.1 

44.5 

44.6 

0.78 

0.80 

0.74 

13,9 

11.3 

26.1 

210 



22.6 

16.7 

23.0 

19.7 



Red cells tranned/Ry Sross volumes 

57 





25 



r loy tissue analysis 

trapped in 

Auricular hcmatocrit[^y^f 

7 

2.0 




43.1 

33.4 


35 

5.7 




60.2 

62.6 
















* Initial Vrr and Vpd deterrnined ofUr transfusion, 
t Initial Vrr estimated from Vnx5 X 0.85. 
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TABLE III — Continued 




25-130 

Burn both hind legs — 
sacrificed in deep shock 
(spleen not analyzed) 




25-132 

Tourniquets both hind legs — 
sacrificed in deep shock 


Orcan 


























Red cells 


Circ. 

Ilct. 

of 


Red cells 


Circ. 

Hct, 

of 





Plasma 

whole 

f2 



Plasma 

whole 

f2 




circ. 

blood 



circ. 

blood 


Total 

Clrc. 


blood 


Total 

Circ. 

blood 

Spleen 







.083 

.039 

.073 

.112 

34 

0.47 

Liver 

.018 

.017 

.112 

.129 

13 

0.35 

.016 

.032 

.081 

.113 

28 

0.67 

Lungs 

.009 

.052 

.127 

.179 

29 

0.75 

.084 

.081 

.118 

.199 

41 

0.99 

Kidneys 


.025 

.144 

.169 

14 


.058 

.053 

.157 

.210 

25 

0.91 

Heart 

.021 

.014 

.015 

.059 

23 

0.67 

.029 

.027 

.035 

.062 

44 

0.93 

Bowel 







.009 

.010 

.018 

.028 

35 

1.05 

Muscle 

.009 

.005 

l1 

.015 

32 

0.52 

.008 

.008 

.007 

.015 

55 

1.13 

Brain 

.006 

.005 

Hi iI 

.015 

26 

0.78 

.009 

.007 

.005 

.012 

54 

0.81 

Injured muscles 

.018 

.005 

■ i a 

.018 

26 

0.26 

.032 

.011 

.013 

.024 

50 

0.34 

Average 





23 

0.60 





42 


Excluding splenic blood 

Percentage of volume removed 

+3* 

+2* 

+2* 

129,9t 



2 


2 

2 

43 

0.92 

Total content in small vessels in ml. 

73.1 

30.0 

99.9t 

23.2 

0.41 

105.6 

82.8 

112.8 

195.6 

42J 

0.79 

Percentage of expected volume in small vessels 
Percentage of circulating volume in small 

16.4 

19.5 

6.7 

8.1 

15.2 

18.1 

11.8 

13A 



16.6 

18.2 

13.1 

14A 

12.5 

12.5 



vessels 



29.6 

20.4 



Red cells trapped(^y Ke analysfs 

72 

43 






55 

23 






Percentage of expected cell volume trapped in 

9.7 






8.7 






small vessels 











Auricular hematocrit|p°^^^* 





48.6 

48.4 






49.1 

69.3 



* Quantity of blood given for volume determination exceeded amount lost in sampling. 
+ Excluding spleen and bowel. 


servations were made were striking. The total 
cell content was reduced by from 60 to 80 per 
cent, the plasma content remaining unchanged. 
Here again, as in Series II, the spleen had em- 
ptied about 20 per cent of the normal total minute 
vessel red cell content into the blood stream. 

In both the untreated bled dogs, the total red cell 
content of minute vessels of all organs was well 
below normal. The lowest values were observed 
in the most severely bled animal, in whom circulat- 
ing red cell contents were still lower. 

Plasma content values were consistently about 
% of normal in all organs of the dog not in shock, 
but in the dog in early shock values for lung, liver 
and kidney were higher than normal, being else- 
where about normal. Whole blood values for all 
organs were below normal in both animals. 

The animal receiving the large transfusion had 
higher than average normal total cell values in all 
organs, and higher than normal circulating cell 
values in liver, lungs and kidneys. Plasma values 
were at essentially normal levels. Whole blood 
values were above normal in liver and lungs, but 
otherwise were about normal. 

The burned animal showed practically no de- 
viation from average normal total cell content in 
the organs analyzed, but all values for circulating 
cells were low (no data were obtained on spleen. 


kidneys and bowel). Plasma values were on the 
low side, and whole blood values reflected the 
diminution in circulating cells and plasma. 

In the animal with shock produced by tourni- 
quets, total cell content values of all organs were 
consistently high, the circulating cell values ap- 
proximating the normal range. Plasma values 
were low, to such an extent that the whole blood 
values were slightly below normal in spite of the 
high cell contents. 

In this series, in 7 out of 28 instances f2 ratios 
greater than 1.0 were obtained. The weighted f2 
value was 1.03 in the dog not in circulatory col- 
lapse, but in the 4 shocked animals values ranged 
from 0.60 to 0.82, averaging 0.74. In this series, 
as in Series II, about 20 per cent of the total cells 
within the minute vessels were not in active cir- 
culation. 

Series IV. 

In this series less than 10 per cent of the cir- 
culating red cell volume found in shock was re- 
moved in net sampling. In every case, the au- 
ricular hematocrit, markedly elevated after removal 
of tourniquets, was considerably lowered following 
the administration of albumin. The circulating 
red cell volume after albumin was higher than the 
expected volume (volume in shock less net loss in 
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sampling) in 10 dogs, showed no change in 4 dogs, 
and was lower in 2 dogs. Of the 10 showing an 
increase, the change was less than 10 per cent in 4, 
between S and 10 in 4, and over 10 per cent in 2 
dogs. 

Eight dogs survived more tlian 24 hours, after 
the removal of tourniquets (later to die of infec- 
tion or be sacrificed), and 8 died wthin 24 hours. 
All of the 8 survivors showed increases over ex- 
pected cell volume, but 2 that showed increases 
died. None of the animals that died showed an 
increase over expected volume, and 2 had de- 
creases after therapy. Changes in circulating red 
cell volume, auricular hematocrit and mean ar- 
terial pressure are given in Table IV. 

DISCUSSION 

Virtually all of the animals in Series I, in which 
only gross red cell and plasma volume measure- 
ments were made, had reductions in total blood 
volume. In addition, they showed varying degrees 
of trapping of both red cells and plasma. 

Considered by etiology of shock, the animals 
given bacterial toxins showed approximately SO 
per cent trapping of red cells; those burned, 20 
per cent; those whose muscles were injured, IS 


per cent; those with severe or fatal hemorrhage, 
25 per cent ; and those whose blood loss was treated 
(without avail) with whole blood or protein solu- 
tions, 15 per cent. The majority of these animals 
underwent severe reductions in mean arterial and 
pulse pressure, and blood flow was markedly 
slowed, but, as far as the clinical condition of the 
animal could be judged by these observations, 
there was no obvious relationship between the de- 
gree of trapping and mean arterial pressure levels. 

Some bled animals undenvent hemodilution, as 
evidenced by a fall in auricular hematocrit, and 
some hemoconcentration, with a rise in auricular 
hematocrit. The burned animals (treated with 
albumin, and Untreated) showed no marked change 
in hematocrit ; those whose muscles were damaged 
showed considerable hemoconcentration, while 
those receiving toxins showed variable changes in 
hematocrit. There was no consistent relationship 
between the direction of, or degree of, change in 
hematocrit and the percentage of total red cell 
volume found to be trapped. 

All of these animals undenvent varying de- 
grees of net loss of whole blood due to intentional 
bleeding or sampling. The findings cited above, 
however, indicate that characteristically, in shock. 


TABLE IV 


Changes in auricular hematocrit, mean arterial pressure and circulating red cell volume after treatment 
of shock induced by bilateral tourniquets with albumin solutions 


Exp. 

no. 

Wght. 

Albumin 

i.v. 

Hematocrit 

Red cell volume 

Change in cell volume 

Change in 
m^.p. 

Result 

Before 

After 

Before 

Expected 

After 

+ 

- 


kgm. 

ml. 

Per cent 

Per cent 

ml. 

ml. 

ml. 

per cent 

per cent 

mm. Eg 


2 

12.7 

500 

77 

45 

530 

480 

510 

5.7 


+ 60 

S 

4 

6.4 

400 

62 

57 

380 

355 

395 

11.2 

i 

0 

S 

12 

11.3 

500 

64 

43 

500 

455 

540 

18.7 


+ 10 

S ' 

13 

18.2 

615 

69 

39 

760 

700 

760 

8.6 


+50 

S 

17 

12.7 

1,600 

70 

32 

505 

485 

500 

3.1 



D1 

19 

13.2 

1,000 

67 

32 

550 

485 

495 

2.1 


+50 

Db 

21 

10.0 

600 

82 

62 

485 

435 

435 

0 


-40 

D .n :i 

6 

7.8 

80 

85 

57 

445 

450 

450 

0 


-20 

D . 

8 

11.4 

no 

55 

40 

515 

475 

• 475 

0 



DI ■ 

27 

7.7 

75 

77 

56 

370 

340 

335 


1.3 

-10 

D 

38 

12.3 

240 

77 

55 

505 

480 

480 

0 


+20 

D ' 

41 

9.1 

75 

67 

48 

315 

295 

220 


25.4 

-10 

d;.' ; 

31 

13.2 

260 

67 

31 

460 

415 

430 

3.2 


+40 

s 

33 

7.7 

155 

65 

34 

250 

220 

230 

4.5 


+40 

s • ’ 

45 

13.2 

265 

71 

52 

605 

595 

640 

7.5 


+45 

s 

47 

26.4 

500 

62 

40 

1,080 

1,060 

1,105 

5.2 


+30 

S ■ 


Dogs 2 to 21 inclusive received 5 per cent albumin in 0.85 per cent NaCl. 

Uogs 6, 8, 27, 38 and 41 received 25 per cent albumin with no additional fluid. 

31 and 33 received 25 per cent albumin plus saline by stomach tube. 
iJogs 45 and 47 received 25 per cent albumin plus 0.5 gram NaCl per 100 ml. plus water by stomach tube, 
n — 24 hours or more after release of tourniquets. 

— Died within 24 hours of release of tourniquets. 
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there is a greater reduction in circulating cells and 
plasma than can he accounted for by known ex- 
ternal blood loss. 

This discrepancy may be accounted for in 2 
ways; (1) loss of cells and plasma from the vas- 
cular tree through internal bleeding into damaged 
areas, serous cavities or hollow viscera, and (2) 
isolation from the moving blood stream of cells 
and plasma that remain within some portion of the 
vascular tree. Evidence of the former phenome- 
non should be obtained at necropsy. Evidence of 
the latter phenomenon was found in the experi- 
ments in Series II and III. 

There were 2 dogs in these series not in shock 
(SA-2 and 25-128), and they served as controls 
for the shocked animals. Other than reductions in 
blood volume due to known blood loss, neitlier dog 
showed any significant deviation from the normal. 
The percentage of total red cell, plasma and whole 
blood volume found within the minute vessels of 
individual organs, the ratio of rapidly circulating 
to total red cells in minute vessels, and the ratio 
of the hematocrit of blood in minute and large ves- 
sels to the auricular hematocrit were all within 
normal limits. 


The shocked animals in these 2 scries represent 1 
case of early shock (25-116), 1 fatal hemorrhage 
(25-118), 2 cases of severe hemorrhage in which 
volume replacement with bovine scrum albumin 
(25-120) and whole blood (25-129) was inef- 
fective, I case of severe muscle trauma (135-90), 
and 1 case of arterial and venous occlusion (25- 
132), both untreated and fatal in degree, 1 fatal 
burn (25-130), and 1 case in which death was due 
to an overwhelming toxin ( S A-3) . 

Certain findings were common to all of these 
animals, although varying in degree, regardless of 
the etiology of their peripheral vascular collapse. 
Without exception, the unit values (ml. per gram) 
for total red cells in the spleen were well below 
normal values. In the other organs, values were 
above normal in the transfused dog (25-129) and 
the animal dying of Shiga toxin (SA-3). High 
values were chiefly in lungs and liver and kidneys. 
Low values were consistently found in all 3 ani- 
mals that were bled. No significant change from 
normal was found in the other animals. 

Unit values for plasma were below normal in 
the tourniquet dog (25-132), about normal in the 
bled dog not in shock, but above normal in the 


TABLE v 


Percentages (net) of cells, plasma and whole blood removed by hemorrhage; the expected and found red cell, plasma and whole 
blood volumes; and the quantities of total and circulating red cells within the mimtte vessels 


Percentage of initial volume bled (net) 
Percentage of initial volume expected 
Percentage of initial volume found 
Percentage of initial volumelTotal ^ 
found in minute vessels iCirculating 

Percentage of expected voIume/Total 
found in minute vessels iCircuIating 

Percentage of normal minute [Total ^ 
vessel volume* 

Percentage of initial volume/ Whole body 
trapped \Mmute vessels 

Percentage of initial volume unaccounted tor 


♦Normal percentage of total volume m mmute 
vessels: red cells 17, plasma 20, whole blood 
17. (See Table I) 


Series II 


2S-118 


Hemorrhage — 
death in shock 


Final Vrr in dy- 
ing animal. 
Determined value 
may be falsely 
high due to in- 
complete mixing 
of tagged red 
cells. 


25-120 


Hemorrhage — 
death in shock 


♦Red cell content 
of minute vessels 
did not include 
muscle. 


I3S-90 


Ligation of 
gastrocnemii — 
death in shock 


c 

P 

W 

c 

P 

W 

C 

P 

W 

n 

P 

W 

C 

P 

W 

37 

41 

39 

49 

42 

44 

22 

22 

22 

+2* 

-1 

-1 

5 

+ 1 

+2 

63 

59 

61 

SI 

58 

56 

78 

78 

78 


99 

99 

95 

101 

102 

42 

55 

44 

46 

54 

51 

68 

59 

63 


116 

110 

54 

75 

64 

6.6 



4.2* 



8.5 



16.1 



13.8 



5.3 



3.4* 



7.0 



15.8 



10.7 



10.4 



8.1 



12.5 



16.1 



14.5 



8.1 



6.7 



10.3 



15.8 



11.3 



61 



48 



74 



93 



85 



52 



39 



61 



92 



66 



21 

4 

17 


4 

S 

10 

19 

IS 

+2 

+16 

+10 

11 

26 

18 

1.3 






0.9 



0 



0.3 



19.7 

4 

17 


4 

5 

9.1 

19 

IS 

+2 

+16 

+10 

10.7 

26 

18 


Evidence of large 
loss of cells and 
plasma into mus- 
cles at necropsy. 


SA-2* 


Shiga toxin — 
not in shock 


♦Red cells given 
for Vrr exceeded 
net loss of cells 
in sampling. 


SA-3* 


Shiga toxin — 
sacrificed in 
shock 


110 ml. of bloody 
fluid found in gut 
at necropsy (19 
per cent of initial 
whole blood vol- 
ume). 


♦Experiments in collaboration with 
Freedberg et at. (35) 
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TABLE V — Conlinued 


Series HI 



25-116 

25-128 

25-129 

25-130 

25-132 






• 


Hemorrhage — 


Bum 


Tourniquets 


wemorrnage— 


large transfusion — 

both hind legs — 

both hind legs — 


sacriheed in 


sacrificed in 

sacrificed in 

sacrificed in 


early shock 




deep shock 

deep shock 

deep shock 


c 

p 

w 

C 

p 

W 

c 

p 

w 

c 

P 

w 

c 

p 

w 

Percentage of initial volume bled (net) 

41* 

41 


34 

28 

30 

0* 

0* 

0* 

+3* 

+2* 

+2* 

-2 

-2 

-2 

Percentage of initial volume expected 

59 

59 


66 

72 

70 

lom 

100 


103 

102 

102 

98 

98 

98 

Percentage of initial volume found 

49 

78 


66 

71 

68 

96 

93 

95 

86 

86 

86 

89 

42 

60 

Percentage of initial volume/Total 

6.8 



9.4 



21.6 



16.8 



16.3 



found in minute vessels iCirculating 


19.1 

13.8 

9.7 

12.1 

11.4 

15.9 

21.2 

18.6 


153 

11.0 

5.4 

123 

12.3 

Percentage of expected volume (Total 

11.5 



14.2 



21.6 






16.8 



found in minute vessels 1 Circulating 

9J 

24.5 

20.9 

14.7 


163 

15.9 

21.2 

18.6 


15.2 

10.8 

5.5 

173 

12.6 

Percentage of normal minute! Total 

68 



84 


* 

127 



96 



99 



vessel volume* ICirculating 

54 

122 

123 

87 


96 

94 

106 

109 

39 

76 

64 

32 

63 

74 

Percentage of initial volumefwhole body 

10 

+19 

+7 

43 


2 

4 

7 

5 

17 

16 

16 

9 

56- 

38 

trapped \Minute vessels 

1.2 



0 



5 



10 



4 



Percentage of initial volume unaccounted for 

8.8 



0 


2 


7 

6 

7 

16 

16 

5 

56 

38 

•Normal percentage of total volume in minute 

♦Initial red cell vol- 




♦Initial Vrr and 

♦Radioactive blood 

Extreme swelling 

vessels: red cells 17, plasma 20. whole blood 


estimated at 




Vpd determined 

given for volume 

both hind legs; 

17. (See Table I) 

Vmd X 0.85 





ajur transfusion. 

determinations 

could account for 


Hemodilution: 




Radioactive blood 

exceeded amount 

enormous loss of 


Hau fell from 43 




given equalled 

lost in sampling. 

plasma and prob- 


to 33 






amount bled in 

Extensive ^ema 

ably of red cells 








; sampling. 


both legs — blood 














tinged — could 














account for dis- 














crepancy. 






burned dog (24-130), and in both the dog in early 
hemorrhagic shock (25-116) and the transfused 
dog (25-129). In all animals in shock, the unit 
value of circulating red cells tended to be less 
than that of total red cells. In both series, a total 
of 69 organ samples were analyzed for total and 
circulating red cells. In only 10 instances was the 
ratio (f2) of rapidly circulating to total red cells 
greater than unity. The weighted f2 for all or- 
gans was less than 1 in all 8 animals dying or 
sacrificed in shock. These values ranged from 
0.60 to 0.83, averaging 0.76. The lowest ratio oc- 
curred in the burned dog, the highest in the bled 
dog in early shock and the bled dog treated with 
bovine albumin. The values for the other 5 dogs 
were from 0.73 to 0.79. 

Thus from % to % of the red cells contained in 
the minute vessels throughout the body were not in 
active measurable circulation. This phenomenon 
was widespread, occurred in all the organs ana- 
lyzed, and was not confined to sites of traumatic 
injury. The lowest f2 ratios were found in the 
muscles of the burned dog and the animal subject 
to occlusion tourniquets. 

Since the techniques employed measure only 
red cells and plasma in active circulation, the 


findings reflect the state of blood flow through the 
minute vessel beds of the organs. It is apparent 
that in these shocked animals, the blood flow 
through all of the organs was reduced by from 
20 to 40 per cent. 

Thus another characteristic of shock is that, 
regardless of etiology, there is a 'widespread stag- 
nation of red cells within the minute •vessels of all 
of the organs in the body. The degree of this 
stagnation may be such as to indicate a reduction 
in blood flow through minute •vessels to from 60 
to 80 per cent of normal. 

In Table V are listed for Series II and III (as 
percentages of initial volumes), the net amount of 
cells, plasma and whole blood removed by hemor- 
rhage and sampling; the expected and found vol- 
umes ; and the quantity of red cells, both total and 
actively circulating, measured as being within the 
vessels of the organs analyzed. These minute 
vessel red cell quantities are also expressed as per- 
centages of the expected cell volume, and these in 
turn, as percentages of the fraction of total red cell 
volume normall 3 ’^ found in circulation in the mi- 
nute vessels. (See Table I for average normal 
values.) The percentage of expected cells, plasma 
and whole blood volume found trapped in the 
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vascular bed (by gross volume measurements) and 
in the minute vessels (by tissue analyses) are also 
shown. .Finally, the red cells, plasma and whole 
blood not accounted for by measured trapping with- 
in minute vessels, are expressed as percentages of 
both initial and expected volumes. 

The plasma content of minute vessels was not 
determined in Series II. 

Dog SA-2 experienced a negligible net loss of 
whole blood (a slight net gain in red cells), and 
the fraction of total red cells found in the minute 
vessels was almost normal, 93 per cent. Only 2 
per cent of gross trapping of red cells was found, 
and„all of the cells in the minute vessels were in 
active circulation. 

In both the dogs that were severely bled (25- 
118 and 120), the found volume of cells and plasma 
was less than expected. The fraction of the ex- 
pected total red cell volume, found as total cells 
in the minute vessels, was below normal to a de- 
gree about equal to the net red cell loss, but the 
fraction found in active circulation was far lower 
than the percentage of cells lost. In both animals 
the gross volume trapping was far greater than 
that measured by organ analysis. 

Dog SA-3 succumbed to the toxin and was in 
deep shock. Net blood loss was little, but the 
found cell and plasma volume was much less than 
expected. The minute vessels contained only 
85 and 66 per cent of the expected total and cir- 
culating cell volume. Only a fraction of the total 
trapping was found in the minute vessels. The gut 
contained a large quantity of bloody fluid at ne- 
cropsy. 

Dog 135-90 experienced moderate blood loss in 
addition to trauma, and again the found red cell 
and plasma volume was considerably lower than 
the expected. The reduction from normal in frac- 
tion of expected total cells in the minute vessels 
was greater than the percentage of initial red cell 
volume removed, and the reduction of circulating 
cells was even greater. Again, gross trapping far 
exceeded that measured by organ analysis. There 
was evidence of a large loss of red cells and plasma 
into' the the ligated muscles at necropsy. 

Thus, all 4 dogs in shock experienced a greater 
reduction in total circulating cell volume than 
could be accounted for by net blood loss. In ad- 
dition the proportion of total cells, both expected 
and found, in the minute vessels was less than nor- 


mal, and the proportion in active circulation con- 
siderably less than normal. 

In dog 25-118, 21.0 per cent of the initial cell 
volume was unaccounted for, but only 1.3 per cent 
was accounted for by measured trapping in mi- 
nute vessels. Since the tagged cells for final red 
cell volume were given with the animal in a dying 
state, they may not have become completely mixed, 
and the final total red cell volume calculation may 
therefore have been falsely low. 

In Series III (Table III), dog 25-128, not in 
shock, showed no gross or minute vessel trapping 
of cither cells or plasma, and the found volumes 
equalled the expected volumes, but the percentages 
of total and circulating cells and circulating plasma 
in the minute vessels were about 15 per cent be- 
low normal. There was slight gross trapping 
but none by organ analysis. 

Dog 25-116, in early shock, showed reduction 
in red cell volume greater than accounted for by 
hemorrhage; and reductions in the normal frac- 
tion of total and circulating cells in minute vessels. 
Considerable plasma had been mobilized so that, 
although total whole blood volume was reduced, 
the fraction of whole blood in minute vessels was 
higher than normal. There was evidence of 
slight trapping in the minute vessels, and of 10 
per cent gross trapping. 

None of the other 3 dogs experienced any net 
blood loss. In the animal transfused, 25-129, the 
found blood volume was about equal to the ex- 
pected ; the quantity of total cells and of plasma in 
the minute vessels was above normal, and the quan- 
tity of circulating cells in minute vessels only 
slightly below normal. Five per cent of the ini- 
tial cell volume was found trapped in the minute 
vessels, by tissue analysis, and 4 per cent by gross 
volume measurements. The quantity of trapped 
cells was 27 per cent of the total cells in the mi- 
nute vessels. About 7 per cent of the expected 
plasma volume was unaccounted for. 

Similar but more severe changes were found in 
the tourniquet dog (25-132). Found circulating 
cell volume was 90 per cent of expected; plasma 
volume, 42 per cent ; and whole blood volume, 60 
per cent of expected. The portion of total cells 
in the minute vessels was normal, but only 32 
per cent of the normal fraction was in active cir- 
culation. The minute vessels contained only 63 
per cent of the normal complement of circulating 
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plasma, and as a result only 74 per cent of the nor- 
mal quantity of whole blood was flowing through 
the minute vessels.- Five per cent of the initial cell 
volume and 56 and 38 per cent of the initial plasma 
and whole blood volume were unaccounted for. 

Thus in only 2 of the above experiments (25- 
118 and 120) was the amount of trapped cells un- 
accounted for by organ analysis greater than could 
be explained by whole blood loss into damaged 
areas or intestinal hemorrhage. 

The actual quantities of red cells trapped 
within the minute vessels is a very small fraction 
of both the expected and found red cell volumes. 
These quantities of trapped red cells, however, 
represent a very large percentage of the total 
cells within the minute vessels. 

The quantity of all the cells and plasma in the 
body, as determined by gros^ plasma (dye) and 
circulating red cell (radio-iron) measurements; 
and of the cells and plasma in the minute vessels 
(by analyses of tissue samples for radioactive iron 
and radioactive iodine) were measured for dogs 
in Series III. The arithmetic difference between 
whole body and minute vessel blood may be 
termed “large vessel blood.” These radioactivity 
data permit of calculating the hematocrits of (I) 
the blood in minute vessels of individual organs, 
and hence the average weighted hematocrit of all 
the blood in the minute vessels of the organ 


analyzed, (2) the hematocrit of all the blood in 
the body, and (3) the hematocrit of that portion 
of blood contained only in the large vessels. 
These values are shown in Table. VI, in compari- 
son with corresponding values found in 5 normal 
dogs. They serve to bring out another charac- 
teristic disturbance in the circulation in shock, 
illustrated in Figure 1. The upper left-hand fig- 
ure represents the normal percentage, in terms of 
degrees, of total blood volume contained within 
the large and minute vessels, the hematocrit of 
the blood being indicated by the cross-hatched 
inner circles. The other figures represent the de- 
gree of change from the normal relationship in 
the 5 dogs in Series III. In each case the entire 
circle represents the filial found total blood vol- 
ume ; the larger angular section, the percentage of 
whole ‘blood in the larger vessels; and the smaller 
section, the percentage of whole blood in the minute 
vessels. The cross-hatched sections again repre- 
sent the hematocrit of the blood in the 2 compart- 
ments. The black sections in the centers of the 
circles represent the percentage of total minute 
vessel cells trapped out of circulation. Thus the 
graphs portray changes in distribution of cells and 
plasma within the vascular bed. 

Dog 25-128 was not in shock; the percentage 
of final total blood volume in the minute vessels 
was normal, and the hematocrit of that blood was 


TABLE -VI 


Hematocrits of blood in right auricle, large vessels, the whole body, and minute vessels; 
and the ratio of these hematocrits to the auricular hematocrit 



Normal dogs * 


25-131 

25-127 

25-114 

25-113 

25-111 

Average 


per cent 

R 

Per cent 

R 

per cent 

R 

per cent 

R 

Per cent 

R 

per cent 

R 

Auricular hematocrit 

42.3 

■fiUll 

33.8 

Dii] 


Dill 

46.7 

niil 

44.6 

1.00 

43.5 

1.00 

^rge vessel hematocrit 

40.7 

0.96 

31.3 


47.3 


45.2 

■IK J 

32.3 

0.73 

39.4 

0.90 

Whole body hematocrit 

40.0 

0.95 

32.9 

Biil 

44.3 

lu 

45.3 

■ikJ 

31.9 

0.71 

38.9 

0.90 

^il“ute vessel hematocrit 

37.6 

0.89 





35.8 

0.77 

24.2 

0.54 

32.5 

0.75 

Minute vessel hematocrit 

26.3 

0.62 

25.9 

0.77 

16.5 

0.33 

24.6 


22.8 

0.51 

23.4 

0.54 

(excluding spleen) 


















Dogs in exj>erimentaJ 

shock 






25-128 

. 

25-116 

25-129 

25-130 

25-132 


Auricular hematocrit 

35.1 


43.1 

1.00 

62.5 


48.4 


67.5 

mm 

51.3 


«rge vessel hematocrit 

28.5 

■imI 

32.2 


54.0 

0.86 

38.1 

Bra 

65.0 

0.96 

43.6 

0.85 

*> hole body hematocrit 

28.1 


28.8 

0.67 

52.3 

0 . S 4 

36.1 


60.5 

0.89 

41.2 

0.80 

Minute vessel hematocrit 

25.9 

0.74 

15.8 

0.37 

44.4 




43.2 

0.61 

32.3 

0.63 

vessel hematocrit 
(excluding spleen) 

25.0 

0.71 

15.2 


44.4 


23.1 


43.2 

0.64 

30.2 

0.59 
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only slightly elevated. The hematocrit of large 
vessel blood was definitely below normal. There 
was no trapping. Arterial hematocrit was 35.1. 

Dog 25-116 was in early shock. The percent- 
age of whole blood in the minute vessels Avas in- 

NO.RMAL 


creased, the hematocrit of that blood was below 
normal, and there was slight trapping. The hema- 
tocrit of large vessel blood was subnormal, and 
the arterial hematocrit was 43.1. 

Dog 25-129 died in .shock after a large trans- 

HEMORRHAGE- NOT-IN SHOCK 
25 - 126 



HEMORRHAGE- EARLY SHOCK 
25- 116 



HEMORRHAGE- TRANSFUSED 
FATAL 25 -129 SHOCK 



BURN- FATAL SHOCK 
25-J30 


TOURNIQUET - FATAL SHOCK 
25- 132 



Fig. 1. Redistribution of Cells and Plasma Between Large and 
Minute Vessels in Shock 

The whole circles represent the total whole blood volume as finally 
.determined by dye plasma, radio-iodo-plasma, and radio-iron red cell 
volume measurements. The larger segments represent whole blood in 
all the large vessels ; the smaller, whole blood in all the minute vessels. 
In both segments, the cross-hatched areas represent the red cell frac- 
tion of whole blood. The inner black segments represent the fraction 
of total cells trapped in all the minute vessels. For discussion of 
changes in the several types of shock, see text. 


/ 
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% NORMAL ARTERIAL HEMATOCRIT 

Fig, 2. Redistribution of Blood in Large and Minute Vessels in 
Relation to Arterial Hematocrit Level in Shock 
The change from the normal proportion of whole blood in all the large and 
minute vessels in shock bears no relation to hemodilution or hemoconcentration. 
The change from the normal hematocrit of blood m both the large and minute 
vessels is related to arterial hematocrit level, the hematocrits being low in 
hemodilution (due here to hemorrhage) and rising progressively with increasing 
hemoconcentration (here due to plasma loss). 


fusion. The percentage of total final blood vol- 
ume in the minute vessels was well above normal, 
us was also the hematocrit, and extensive trap- 
ping occurred. The hematocrit of large vessel 
ood was considerably higher than normal. The 
arterial hematocrit was 62.5. 

^0 died in shock of severe bums, 
e minute vessel whole blood percentage was 
re uced, the hematocrit was normal, but 40 per 
cent of the cells were trapped. The large vessel 


hematocrit was nonnal and the arterial hemato- 
crit was 48.4. 

Finally, Dog 25-132 succumbed to tourniquet 
shock. The minute vessel whole blood percentage 
was reduced, the hematocrit of this blood was 
high, and there was considerable trapping. The 
large vessel hematocrit was extremely high, and 
the arterial hematocrit was 67.5. 

Thus in the 4 animals in recognizable clinical 
shock there zras not only a reduction in total vol- 
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tone, xvhh varying degrees of trapping, but an 
abnormal distribution of zvJiole blood behveen 
large and small vessels, and a resulting distortion 
of the hematocrit of large and minute vessel blood. 

The graphs also emphasize the extremely small 
fraction of total red cell volume that need be 
trapped in minute vessels to bring about the re- 
duction in capillary flow associated with irreversi- 
ble shock. 

The degree of abnormal distribution of blood 
and the distortion in large and minute vessel hema- 
tocrit are shown in relation to the level of arterial 
hematocrit in Figure 2, expressed as percentage 
deviation from average normal values. Fluctua- 
tions in either large or minute vessel whole blood 
content bore no relationship to arterial hematocrit 
level. There was, however, a definite direct linear 
relationship between arterial hematocrit and both 
large and small vessel hematocrits. 

The degree of trapping found in the minute 
vessels of the organs analyzed did not appear to 
be related to the amount of external blood loss, 
as shown in Figure 3. The lowest ratio of circu- 
lating to total red cells was found in the burned 
dog which was bled only 14 per cent of its total 
volume; the highest, in an animal bled 48 per 
cent of its volume. The phenomenon is, however, 
apparently related to the fall in mean arterial 
pressure, as is also shown in Figure 3. Four dogs 


w'ith ratios higher than 0.80 had a decline in mean 
arterial pressure of less than 30 mm. Hg, The 
remaining 6 dogs, with ratios lower than 0.80, 
experienced declines of greater than 65 mm. Hg 
in mean arterial pressure. It has been pointed 
out (38) that the blood pressure may be a mis- 
leading guide to the state of the animal when the 
blood viscosity is abnormally high due to a high 
hematocrit. In such event, the blood flow, as 
indicated by cardiac output, is very poor in spite 
of nearly normal blood pressure. 

TIius, 2 observations appear to be of value in 
the clinical diagnosis of the presence of, and ap- 
praisal of, the seventy of capillary trapping in 
shock: hemoconcentration and arterial hypoten- 
sion. 

It appears probable that while reduction in 
total volume may be the precipitating cause of 
peripheral vascular collapse, this simple oligemia 
alone does not bring about the changes usually 
classified as “irreversible.” It seems far more 
probable that the reduced flow of whole blood 
through the nutrient capillaries of all the organs 
results in anoxia, and starvation of parenchymal 
cells. If sufficient in degree and duration, im- 
pairment of cellular function and eventually death 
are inevitable sequelae. 

If this conception be true, then effective therapy 
should be directed not only at restoration of re- 


1.0 

0'.8 

o '0*6 
< 

^ 0.4 
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FALL IN MEAN ARTERIAL PRESSURE 



Fig 3. The Ratio of Circulating to Total Red Cells in Minute Vessels in Relation to Reduction in 
Total Blood Volume and Fall in Mean Arterial Pressure 

Reduction in total blood volume alone does not appear to be a causative factor in bringing about trapping of 
red cells in minute vessels. The degree of trapping does, however, become increasingly severe with progressive fall 
in mean arterial pressure. 
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CHANGE IN MEAN ARTERIAL ' PRESSURE 

Fig. 4. Change in Total Ckculatinc Red Cell Volume in Relation to 
Chance in Mean Arterial Pressure in Tourniquet Shock after Albumin 
Therapy 

All of the 8 surviving dogs mobilized red cells, as evidenced by increases in cir- 
culating red cell volume, and 7 had sustained rises in mean arterial pressure. 
Slight increases in red cell volume occurred in only 2 of the 8 dogs that succumbed, 
although 4 had sustained rises in pressure. 


duced total cell and plasma volume, but in restora- 
tion of normal flow through the entire vascular 
bed. Following the treatment of shock with pro- 
tein solutions, there should be an increase, over 
shock levels, not only in plasma volume but in 
cnculating red cell volume if therapy were to be 
considered successful. 

Data obtained in Series IV are of interest. 
Most of the animals showed increases in mean 
arterial pressure immediately after the administra- 
tion of albumin. These pressure rises were fairly 
w’ell maintained in the survivors but were tran- 
sient in those that died. There was no relation- 
s lip between degree of fall in auricular hematocrit 
and the percentage change from expected circu- 
ating red cell volume. The fall in hematocrit in 
t le dogs that died was as great as in the dogs 

lat survived. The improvement in circulating 
red cell volume was however related to the 
change in mean arterial pressure. All of the 8 


surviving dogs had increases in red cell volume. 
In 1 the pressure was unchanged but in the other 
7, a rise of from 10 to 60 mm. Hg was sustained. 
Of the 8 dogs that died, 4 had increases in pres- 
sure of from 20 to 50 mm. Hg, and 4 had de- 
creases of from 10 to 40 mm. Hg. Three dogs 
had elevations in pressure of 50 mm. Hg, ac- 
companied by slight increases in red cell volume, 
but died. 

Most of the survivors showed percentage in- 
creases in red cell volume that were within the 
limit of error of the technique of cell volume 
measurement used. However, the percentage in- 
creases are of the same order of magnitude as the 
percentages of red cells found trapped in minute 
vessels in Series II and III. The consistent find- 
ing of an augmented circulating cell volume after 
therapy in all the sundving animals is in keeping 
with the possibilit}' that one effect of successful 
treatment was to restore the circulation through 
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the minute vessels to normal, with the resultant 
flushing back into circulation of trapped cells. 
Failure of this in the animals that died is of 
almost equal significance. 

In a previous communication (26) it was noted 
that in the normal dog, the hematocrits of the 
blood in large vessels and in all the body are ap- 
proximately equal, but less than the auricular and 
greater than the minute vessel hematocrits. It 
was stated above that the ratios of these hema- 
tocrits to the auricular hematocrit explained satis- 
factorily why the dye plasma hematocrit techni- 
que always gives a value of the red cell volume 
some 20 per cent higher than does the radio-iron 
technique. 

In the shocked dogs, the ratios of the large and 
minute vessel hematocrit to the auricular hemato- 
crit were changed, that of the large vessel hemato- 
crit being 0.83, and that of the minute vessel hema- 
tocrit being 0.61. 

In the 5 dogs in Series III, the percentage of 
total circulating whole blood in the minute vessels 
averaged 16 per cent. Then 


0.84 X 0.83 = 0.697 
0.16 X 0.61 = 0.097 

0,794 


Vrr Vrpd 

Vrpd Vrr 


1.26. 


Since here again Vrpd is based on the plasma 
volume and auricular hematocrit, it follows that 
Vrr will be about 20 per cent lower than Vrpd. 
In other words, the red cell volume as measured 
by the dye technique will be about 26 per cent 
higher than by the radio-iron technique. 

In a series of 28 simultaneous measurements 
of cell volume by both techniques in dogs in vary- 
ing degrees of shock, in which auricular hema- 
ocrits ranged from 19 to 69, averaging 43.7, the 

. Vrpd 
average ratio of 


was found to be 1.32. 


Thus, the former technique not only over-esti- 
mates circulating red cell volume in the normal 
state, but gives an even higher degree of error in 
peripheral vascular collapse, regardless of the 
presence of hemodilution or hemoconcentration. 


COMMENT 

These studies are in keeping with the findings 
of several authors on the circulatory changes in 


shock. The gross volume studies confirm the con- 
clusions of Noble and Grcgersen (22) that re- 
duction in blood volume is due to loss of both 
cells and plasma : whole blood. In these controlled 
experiments the loss of whole blood was always 
more than the measured external blood loss. In 
certain types of insult (burns, tourniquet and 
toxins), some of this whole blood was undoubtedly 
lost in damaged areas or in the intestinal tract. 
The other site of whole blood "loss” lies within 
the capillary bed. Chambers ct al (39) found 
cessation of blood flow in the capillaries in the 
mesentery of dogs in shock. The studies herein 
reported indicate that this phenomenon is not con- 
fined to sites of injury, or to abdominal viscera, 
but that it is a widespread phenomenon occurring 
in all organs throughout the body. 

Since the methods of volume measurement used 
are dynamic, they reveal changes in total blood 
flow through capillary beds of all the organs. 
The net effect of trapping is a reduction of flow 
through vital areas. The resulting anoxia, fail- 
ure in nutrition and waste disposal, if continued 
for long periods, is not compatible with the con- 
tinued existence of certain parenchymal cells. 
For instance, it has been shown (37) tliat liver 
cells in dogs in hemorrhagic shock may be the 
earliest to show the effects of the reduced blood 
flow characteristic of peripheral vascular collapse. 

Since the capillaries of organs normally con- 
tain less than % of all the total circulating cells 
and plasma, the trapping of only %o of tbe total 
blood volume may bring about a reduction in flow 
to % or % of normal. Extensive trapping may be 
present in the absence of measurable hemoconcen- 
tration or hemodilution, or with a normal hemato- 
crit. 

Effective therapy should be directed not only 
towards restoration of total blood volume, but to 
the resumption of normal capillary flow. Objec- 
tive evidence of effective therapy lies in the restora- 
tion and maintenance of normal hematocrit and 
normal arterial pressure. 

CONCLUSIONS 

1. Measurements of the total circulating red cell 
and plasma volume, and of the distribution oi 
blood in large and minute vessels were made in 
dogs in experimental shock, by means of tech- 
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niques employing Evans blue, 2 isotopes of radio- 
active iron, and radioactive iodine. The following 
characteristics of the circulation in shock have been 
demonstrated. 

2. There is always a greater reduction in circulat- 
ing red cells and plasma than can be accounted 
for by measured external blood loss. 

3. A part oi this discrepancy in blood volume 
may be lost into damaged areas or by intestinal 
bleeding in certain types of shock. 

4. Regardless of etiolog)', there is a widespread 
trapping of red cells within the minute vessels 
of all the organs in the body. 

5. The effect of this trapping is a reduction in 
capillary blood flow through all organs. 

6. Since the normal capillarj' blood content is 
less than 20 per cent of the total volume, the trap- 
ping of even a small portion thereof may result 
in a fatal reduction in capillary flow. 

7. There is an abnormal distribution of whole 
blood between large and minute vessels which is 
not reflected fay changes in the arterial hematocrit. 

8. There are marked deviations from normal in 
the hematocrit of large and small vessel blood, and 
these are directly related to changes in the arterial 
hematocrit. 

9. The degree of red cell trapping present does 
not parallel the reduction in total blood volume, 
but is related to the reduction in mean arterial 
pressure. However, this correlation between 
trapping and arterial pressure may not apply when 
the hematocrit is abnormally high. 

10. The findings indicate that the therapy of 
shock should be directed not only towards res- 
toration of total blood volume, but also towards 
the resumption and maintenance of normal capil- 
lary flow. 
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INTRODUCTION 


During World War I the British Chemical 
Warfare Medical Committee (1 to 8) recognized 
a distinctive syndrome which resulted most often 
from exposure to phosgene and rvhich resembled 
in symptomatology' the “Irritable Heart" or "Ef- 
fort Syndrome.” The patients presented scant 
physical evidence of structural disease of the 
lungs. Haldane and his co-workers emphasized 
that these symptoms were associated with rapid, 
shallow breathing (3). Although no measure- 
ments of the oxy'gen of the blood were reported, 
the cyanosis, polycythemia, and relief after in- 
halation of oxygen suggested that anoxemia was 
an important factor (2, 6). Furthermore, it was 
suggested that rapid, shallow breathing alone 
might produce anoxemia (5). Haldane, Meakins, 
and Priestley (5) state that “as soon as the ex- 
aggerated Hering-Ereuer reflex has been pro- 
duced by gassing or any other cause, the resulting 
slight anoxemia produces a general nervous upset 
in which various reflexes tend to be abnormal or 
exaggerated. The exaggeration of the Hering- 
Ereuer reflex itself may thus be kept up and with 
it the anoxemia.” The patients were treated 
"ith o.xygen inhalation. They were encouraged 
to take gradually increasing exercise. The ma- 
jority of patients improved, but a considerable 
number were unable to return to duty (1 to 8). 

he British Ministry of Pensions maintained 
t lat serious structural after-effects did not occur, 
Uouded the lungs were healthy before gassing. 

n j a few casualties suffered from chronic bron- 
^itic attac ks (9, 10) . On the other hand, numer- 
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ous reports in the French and American literature 
have presented clinical evidence of residual dam- 
age to the lungs among phosgene and other types 
of chemical warfare casualties in the form of one 
or more of the following; chronic bronchitis, pul- 
monary emphysema, obliterative bronchiolitis, peri- 
bronchiolitis, bronchiectasis and suppuration of 
the lungs (II to 18). 

In spite of these valuable observations, there are 
too few obj'ective measurements to indicate 
whether such patients have structural damage to 
the lungs, or simply a refle.x or psychological dis- 
turbance. With the development of more precise 
methods for the evaluation of the ventilation of 
the lungs and the aeration of the blood, it is pos- 
sible to study in greater detail these aspects in 
patients after exposure to phosgene. The cardio- 
vascular system and the patients’ psychological 
reactions also warrant more detailed study'. 

EXPERIMENTAL 

SLx patients, who are known to have been e.xposed to 
phosgene and who developed symptoms of acute poison- 
ing. volunteered for the studies here reported. 


METHODS 

1. PULMONARV FtTNcnoN TESTS. These consisted of 
ventilatory function tests which are concerned with move- 
ment of air into and out of the lungs and respiratorj- 
function tests which are concerned with exchange of 
oxygen and carbon dioxide in the lungs. 

A. Ventilatory function tests. 

a. Lung volume measurements. Vital capacity, com- 
plementary air, tidal air, and resen'e air were measured 
from graphic tracings of a spirometer. .A.U volumes are 
expressed as gas saturated with water vapor at 37° C. 
and prevailing barometric pressure. 

b. .Mid-capacity (functional residual air). This was 
measured by the method of Darling. Coumand, and 
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Richards (19). The mid-capacity minus tlic reserve air 
represents residual air.^* 

c. Respiratory dead space. This was calculated ac- 
cording to Bohr’s formula (23). It included an instru- 
mental dead space of 100 ml. 

d. Intrapuhnonary mi.xing of gases. This was studied 
by tlie method of Darling, Cournand, and Richards (24). 
Tile presentation of the mixing curves has been changed 
by reversing the axes of the semi-logarithmic scale. This 
changes the sigmoid curve used by Darling and his co- 
workers (24) to a much simpler form consisting chiefly 
of two straight lines, the falling line of nitrogen dilution 
and the final level reached when the only remaining ni- 
trogen is that eliminated from the blood. This curve is 
easier to construct, only two points being needed to define 
its form. It has the additional advantage that all devia- 
tions from the predicted values are represented in propor- 
tion to their significance, regardless of the level of 
alveolar nitrogen. 

e. Completeness of emptying of lung nitrogen. This 
was measured as described by Cournand ci al. (20). 

f. Rate and depth of respiration. These were meas- 
ured in a recording spirometer at rest, during e.xercise, 
and on recovery from e.xercise. 

g. Voluntary breathing capacity (maximum breathing 
capacity). This was measured according to Cournand 
and Richards (25). These investigators kindly sent us the 
formulae for prediction of maximum breathing capacity. 

h. Breath-holding. This was performed in moderate 
inspiration. At the end, a sample of alveolar air was 
collected and analyzed for oxygen and carbon dioxide 
content. Observations were also made on the effect of 
hyperventilation, for one minute, and o.xygen breathing 
for two or three minutes, singly or combined on the dura- 
tion of breath-holding. A breath-holding time of less 
than 25-30 seconds when breathing room air was consid- 
ered limited. 

B. Respiratory fimctioa tests. 

' a. Oxygen content and capacity of arterial blood. These 
were each measured in 1 ml. of blood (26). 

b. Tension of oxygen and carbon dioxide in arterial 
blood. These were measured according to the method of 


3 The published data on the per cent of the total lung 
volume comprised of residual air in normal individuals 
show a wide range of variation (20, 21, 22). Moreover 
there has been some variation in results with the same 
method in different laboratories (21, 22) (Figure 1). 
This may be due to the fact that the number of individuals 
studied in each age group has not been comparable. Fur- 
thermore, differences in method may lead to some diver- 
gence of results, particularly in instances of pulmonary 
disease (20). There are enough data with each method 
to reach a general idea of the mean and range, but not 
enough to be completely satisfactory. It is necessary, 
therefore, to withhold final judgment on borderline ab- 
normalities until more data can be obtained on normal 
individuals of comparable age with the same technique as 
used on the patients in this study (Figure 1). 


Riley (27). In most instances duplicate .samples of blood 
were drawn a few minutes apart. The post exercise 
arterial blood samples were usually obtained at Vj to 1 
minute and 3 to 5 minutes after exercise. Alveolar air 
was collected at the end of withdrawal of blood. At rest, 
the air was collected at the end of c.xpiration; after e.xer- 
cise, at the height of inspiration. The range of oxygen 
tension values of arterial blood for each observation listed 
in the tables is in most instances based on three analyses, 
occasionally on two, four or five.'* 

c. pH, carbon dioxide content, and tension of plasma. 
Arterial blood was drawn anaerobically into a syringe 
wet with heparin. The pH determination was made at 
room temperature with a scaled glass electrode which was 
standardized empirically with plasma equilibrated at 37° 
C. with gas of known partial pressure of carbon dioxide. 
The carbon dioxide content of the plasma was measured 
(26) and its carbon dioxide tension was calculated from 
Peters' chart (31). 

d. The o.xygen c.xtraction and carbon dioxide output 
per volume of air breathed at rest, during e.xercise and 
recovery. These were measured on expired air collected 
in a spirometer. At various times, a bicycle ergometer, 
a flight of steps, and single step (25) were used depend- 
ing upon the degree of exercise desired. In the o.xygen 
tension studies, exercise was continued for 30 seconds be- 
yond the time the patient c.xperienced marked shortness 
of breath. The rate, depth, and minute volume of respira- 
tion was recorded at the start of the exercise and during 
the last 30 seconds. Expired air was collected until the 
alveolar air sample was taken. The range of normal 
values for the step test (25) based on unpublished data 
was kindly sent to us by Drs. Cournand and Richards. 

2. CIRCULATORY FUXCTIOX STUDIES. 

a. Postural tests. The patient lay on a tilt table while 
observations of pulse and arterial blood pressure and re- 
cordings of rate and depth of breathing were made. When 
a steady base line had been established the patient was 
shifted from the horizontal to the 90° vertical position. 
When the circulation and breathing reached a constant 
level, the patient was returned to the horizontal position 
where similar observations were made. 

b. Ballistocardiographic studies of cardiac output. 
These were performed by Dr. Giles F. Filley on an in- 
strument designed by Dr. Dugald S. Brown (32) and 
calibrated to correspond with Starr’s instrument. Calcu- 
lations were based on the area formula (33). 


In 21 comparisons performed in 17 healthy resting 
subjects, the alveolar air pO; range was 89 to 103 mm. 
Hg, average 99 mm. Hg and the arterial blood pO- range 
was 87 to 101 mm. Hg, average 98 mm. Hg. These agree 
essentially with similar studies recently reported (28, 29). 
In 11 comparisons in 9 healthy subjects, post exercise, the 
alveolar air pO- range was 98 to 118 mm. Hg, average 
115 mm. Hg and the arterial blood pO, range was 92 to 
114 mm. Hg, average 110 mm. Hg. The post-exercise 
studies were carried out in subjects who had volunteered 
for the studies at rest (30). 
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3. PSYCHIATRIC EXAMINATIONS. 

These were performed in all 6 patients and in patients 
2, 3, 4, S, of the chronically exposed group (34) by Dr. 
Nicholas L. Ballich. The psychiatric summaries are 
presented in the Appendix. 

4. OTHER STUDIES. 

In ail patients roentgenograms of the chest and electro- 
cardiograms were taken. Blood counts, blood chemical 
studies, urine examinations, and other studies were per- 
formed as indicated. 


RESULTS 

The results are presented in detail in the Ap- 
pendix and are summarized in Table I. 


TABLE I 


Summary of clinical observations and data on 
studies performed 


Case Nvimbti* 


Pfttieut’a initlala 
Age 

Months after accident** 

worked with phosgene 
Chronic sjmptoras 
Physical signa: Acute 
Chronic 
Roentgenogram of chest 
I olume: vital capacity 

Per cent residual air 
- Total capacity 

Antrapulmonary mixing of gas« 
^Imorvary emptying 
Heating fHigh rate 

patlern otj Low tidal air 
breathing | High rain, volnn 
. LLow Os extractit 

Exercise rjligh rate 

pattern of^ Low tidal air 
breathing V.Low Os exlractii 

Arterial blood< Exercise 

^oiuntan’ breathing capacity 
gastural teste 
Cardiac output 


1 

2 

3 

4 

5 

6 

E,T. 

L.W. 

H.G. 

L.T. 

S,0. 

M.P. 

38 

39 

30 

48 

43 

49 

14 

6 

6 

3 

5 

5 

6 

12 

18 

24 

; 2 

1 

A 

N 

N 

A 

A 

A 

A 

A 

A 

A 

N 

N 

N 

N 

N 

B 

N 

; N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

A 

N 

N 

B 

! N 

t N 

B 

N 

N 

N 

N 

i ® 

A 

N 

B 

N 

N 

1 N 

A 

N 

B 

N 

A 

A 

A 

A 

A 

N 

N 

A 

B 

A 

A 

N 

A 

A 

A 

A 

A 

B 

A 

A 

B 

A i 

A 

N 

B 

B 

B 

A ' 

A 

B 

N 

B 

B 

N 

A 

N 

N 

N 

B 

A 

A 

N 

A 

N 

N 

A 

N 

N 

A 

N 

N 

N 

— 

— 

N 

— 

N 

A 

— 

N 

N 

N 

A 

A 

N 

N 

A 

A 

N 

A 

N 

N 

N 

N 

N 

N 

N 

N 

A 

N 

N 

— 

N 


XT ~ Definitely abnormal. B = Borderline abnormal. 
N = Normal. — s= Not done. 


„Disted in order of severity of exposure. 

Applies to all special studies except arterial blood and 
alveolar air oxygen and carbon dioxide tensions and cardiac 
output vv'htch were performed 4 to 8 months later, Symp- 
loms, physical and roentgenographic findings were un- 
changed on re-examination of all available patients (All 
except 5) 4 to 8 months later. 


DISCUSSION 

This small group of patients presents symptoms 
tcr\ similar to those observed after phosgene 
poisoning in World War I (1 to 8). These 
s)inptoms are similar from patient to patient, but 
some individuals appear to suffer much more 
t an others. The patients complained regularly 
o shortness of breath, tightness of the chest, and 
prccordial pain at rest or after slight exertion. 


Cough was disturbing, particularly on exertion and 
at night, but only a little mucoid sputum was pro- 
duced. Sleep was often disturbed by anxiet}’’, 
terrifying dreams, dyspnea, and cough. Nausea, 
vomiting, and diarrhea were occasionally present. 
Several patients complained of nervousness and 
fatigue. 

The most impressive feature of the physical 
examination was the rapid, generally shallow 
breathing, previously described by Haldane et al. 
(5). This pattern of respiration was present dur- 
ing sleep. Breathing was regular and not inter- 
rupted by sighs, which have been observed in 
respiratory neuroses (35, 36, 37). The patients 
with complaints looked anxious. The hands were 
often cold and clammy. Otherwise, the physical 
examination presented no significant abnormality. 

There was no tendency to polycythemia such as 
was observed during World War I (2). The red 
blood cell count, hemoglobin, and hematocrit were 
within the normal range or slightly beloiv normal. 
Arterial and venous pressures ivere normal. 
Roentgenograms of the chest did not exhibit any 
abnormality of the lungs or heart, except for a 
healed tuberculous focus in two patients. 

The studies of pulmonary function revealed a 
number of borderline changes and frank abnor- 
malities in lung volume, intrapulmonary mixing of 
gases, and transfer of oxygen to the arterial blood. 
Some abnormality was observed in every patient, 
but there xvas no consistent pattern and the sever- 
ity of the changes could not be correlated with the 
patients’ symptoms. 

The most striking and consistent abnormalities 
brought out by these studies were concerned xvith 
the rapid and usually shallow pattern of respira- 
tion. This pattern was present both at rest and 
during e.xercise and was accompanied by a low 
extraction of oxygen and a low output of carbon 
dioxide per unit of air breathed. These abnor- 
malities are closely related and have been described 
after phosgene poisoning (3, 5), In contrast to 
Haldane’s findings (3), however, the unusual pat- 
tern of respiration was not altered by breathing 
pure oxygen, and could be voluntarily slowed and 
deepened to a normal level. The limitation of 
breath-holding to a few seconds, described by 
Haldane ct al. (5). was not obsen-ed in our pa- 
tients, who could generally hold a breath for a 
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normal time and who responded to hyperventila- 
tion or breathing oxygen with a prolongation of 
breath-holding time. Voluntary breathing capac- 
ity was significantly reduced in three of the six 
patients (cases 2, 3, 5). It is of interest that 
tlicsc three patients had a normal vital capacitjR 

The alveolar air oxygen tension was normal or 
high in this group of patients. Haldane and his 
co-workers (3) made a similar observation and 
remarked upon the parado.x of a normal alveolar 
air and apparent anoxemia without obvious ana- 
tomical disease of the lungs. They postulated un- 
equal ventilation during shallow breathing in 
which certain alveoli were poorly ventilated and 
contributed little to the alveolar air specimen, 
which came primarily from well-ventilated alveoli. 
This inefficient pulmonary ventilation resulted in 
anoxemia. Certain indirect evidence was brought 
forward to support this view (38). Some ob- 
servations on our patients do not substantiate cer- 
tain of Haldane’s postulates. 

Anoxemia was present in only one of the six 
patients (case 5). In this patient, intrapulmonary 
mixing of gases was normal as measured by the 
nitrogen dilution method. In one other patient 
(case 2) who did not exhibit anoxemia, a dis- 
turbance in the transfer of oxygen to arterial 
blood existed without demonstrably impaired in- 
trapulmonary mixing of gases. It is therefore 
apparent that in our group of patients, anoxemia 
is infrequent and is not necessarily dependent on 
impaired mixing of gases in the lung. A well- 
marked defect of intrapulmonary mixing of gases 
was not associated with anoxemia, even with shal- 
low breathing, in three patients chronically ex- 
posed to phosgene (34). 

Electroencephalograms and conditioned reflex 
studies, designed to detect possible diffuse corti- 
cal damage resulting from anoxemia, showed min- 
imal changes in the acute stage and essentially 
normal patterns when repeated several weeks 
later. On the basis of these tests, it was not 
' possible to demonstrate any clear-cut, irreversible, 
organic involvement of the cerebral cortex. 

Although the nitrogen-dilution method does not 
show a consistent abnormality of intrapulmonary 
mixing of gases. during shallow breathing, a tend- 
ency toward impaired mixing during shallow 
breathing is apparent when all observations on 


patients exposed to phosgene arc charted (Fig- 
ure 2). 

Exercise to the point of dyspnea, then main- 
tained for a half minute, did not produce ano.xcinia 
in any patient and actually abolished the anoxemia 
in one patient (case 5). 

Postural tests indicated that there was no in- 
stability of vascular control nor any accompanying 
respiratory change. The ballistocardiographic 
tracings indicated a subnormal cardiac output in 
one patient (case 2). No case showed the changes 
described by Starr in a large proportion of his 
cases of neurocirculatory asthenia (39). 

The results of these studies demonstrate certain 
disturbances of pulmonary function which were 
not recognized on clinical examination. The 
changes were probably not serious enough to ac- 
count for the disabling symptoms present in some 
of the patients. There was no obvious change in 
symptoms, phj'sical findings, or roentgenograms 
for as long as a year and a half after exposure, 
but a detailed reexamination of the patients after 
a number of years would be necessarj' to decide 
whether the disease would recede or progress. 

The correlation of the psychiatric abnormalities 
with the severity of symptoms was quite obvious. 
The timid and apprehensive patients developed 
disabling hypochondriacal and anxiety reactions. 
Pre-existing maladjustments and insecurit)^ helped 
to perpetuate the symptoms. Socio-economic fac- 
tors and previous personality trends were out- 
standingly important. Visible emotional support 
in the form of substantial personal contacts tended 
to stabilize the patient’s reactions. Hospitaliza- 
tion and sympathy resulted in minimal improve- 
ment of symptoms and an increasing tendenej'' 
toward chronic invalidism. Although compensa- 
tion was rarely mentioned, the potential financial 
and psychological gains of invalidism loomed large 
to the insecure patients. 

Three important points may be drawn from 
these data. Definite abnormalities in pulmonary 
function may persist for at least a year after ex- 
posure to phosgene. A characteristic change in 
the pattern of breathing accompanies these changes 
in the lungs. Symptoms are quite uniform in 
type, but the severity of symptoms and the ensu- 
ing disability are much more closely related to the 
patient’s psychological reactions than to any de- 
monstrable physical or physiological abnormality. 
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The disturbances in pulmonary function are 
almost certainly a reflection of organic changes in 
the lungs as a result of exposure to phosgene. 
The disturbances are generally suggestive of dam- 
age to the bronchioles and surrounding paren- 
chyma as seen in beginning pulmonar}’ emphy- 
sema. 

The rapid, shallow breathing is probably also a 
consequence of pulmonary injury. This is per- 
haps, due to a disturbance in the nerve-endings 
concerned with the stretch reflex of the lungs 
(Hering-Breuer). The same pattern of breath- 
ing occurs in men chronically exposed to phos- 
gene (34). The persistence of this pattern of 
breathing during sleep and its occurrence in pa- 
tients without complaints point strongly to a 
physiologic rather than a neurotic basis. Fur- 
thermore, the graphic respiratory records of our 
patients after recovery from phosgene poisoning 
show none of the features of a respiratory neurosis 
(35, ‘36, 37). The results of our studies also 
indicate that anoxeniia is not necessarily a conse- 
quence .of shallow breathing and is not an essen- 
tial factor for its persistence as suggested by Hal- 
dane and his co-workers (5). 

Disability in the group of patients is apparently 
raused by symptoms rather than by any serious 
inability of the lungs or cardiovascular system to 
perform adequately. There is a large neurotic 
component in the symptoms of the disabled pa- 
tients. Mild symptoms referable to the lungs 
occur, however, even in stable individuals who 
have returned to full activity after exposure to 
phosgene. Even in the absence of serious injury 
to the lungs, the conscious or unconscious aware- 
ness of a disturbance in the pattern of breathing 
may be responsible for these complaints. In the 
patients with a suitable psychological predisposi- 
tion, many of the neurotic complaints are focused 
on the pulmonary symptoms, which are magnified 
and e.\tended to the point of complete disability, 
since the patients are unwilling to attempt any 
activity for fear of precipitating the very disturb- 
ing and even terrifying symptoms. The symp- 
onis m such patients may be partly those of an 
an.xict\ neurosis, but still resemble closely the 
\inptoins ])roduced by e.xposure to phosgene. 

e.xposure to phosgene obviously 
csu te in great psychic trauma and was very 
cmora izing. It led to a considerable degree of 


personality disorganization and to the exaggera- 
tion of latent neurotic trends, brought out b}' this 
personal stress, which also highlighted socio-eco- 
nomic factors. As the acute anxiety subsided with 
understanding intervdewing and management, 
there was a shift of emphasis from concern about 
the physiological manifestations of anxiety to per- 
sonal issues and themes in the lives of these pa- 
tients. It may be said that this transition, when 
accomplished, was of considerable therapeutic 
value. 

CONCLUSIONS 

1. Objective studies of pulmonary function 
have been carried out in six patients from 3 to 
14 months after exposure to phosgene, which in 
4 patients resulted in acute pulmonary edema and 
emphysema. 

2. After 3 weeks following exposure, physical 
examinations and roentgenograms revealed no 
definite evidence of disease of the lungs, but the 
patients complained of symptoms like those re- 
ported in phosgene casualities during World 
War I. 

3. The rapid, shallow breathing, described by 
Haldane, Meakins, and Priestle}', was regularly 
observed but was not associated with a disturb- 
ance of intrapulmonary mixing of gases sufficient 
to lead to anoxemia. 

4. Breathing oxygen did not alter the pattern 
of respiration and did not afford consistent relief 
of symptoms. 

5. Objective changes of pulmonary function 
were consistently observed but varied in type and 
severity, and could not be correlated with the 
seriousness of initial injury or chronic sv’mptoms. 

6. The severity of chronic sv-mptoms and the 
associated disability were closely related to the 
patients’ psychological reactions. 

7. A possible explanation of these observations 
would be that the injury initiated changes in the 
lungs and a uniform pattern of symptoms, which 
in certain individuals were sufficiently disturbing 
to produce disability. 

.APPENDIX 

Clinical simniiaries and data on pulmonary and 
circulatory function studies. Case historie.s of 
patients I through 6 are given below. The clini- 
cal course and laboratory findings of cases I, 2, 
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3, 4 and 5 arc suminarizcd in Figures lA througli 
5A. 

The results of the pulmonary function studies 
on each patient are presented in Figures IB, 1C, 
ID through 5C, 6A, 6B and in Tables lA, IB 
through IVB, VA, VB, VC through VIC. 

The number of each figure and table corre- 
sponds to the case number listed in Table I. 

Legends jor figures on intrapidmonary mixing 


oj gases. The data on each patient arc presented 
in two ways (see Methods). 

(a) Figures 1C, 2C, 3C, 4C, 5B, 6A. These 
figures present the diftcrence between predicted 
nitrogen concentrations and observed nitrogen 
concentrations, and between predicted nitrogen 
concentrations and calculated nitrogen concentra- 
tions for each number of breaths. The ordinates 
represent differences in nitrogen concentration 



10 15 20 25 30 35 40 


Residual Air ^ of Total Capacity 

Fic. 1. Residual Air as Per Cent of Total Lung Capacity in Patients Exposed to Phosgene and in 

Normal Men and Women 

Each block at the top of the chart represents a patient exposed to phosgene. The number under each block des- 
ignates the patient as referred to in the case history, with the exception that numbers 7, 8, 9, 10, 11 refer to 
cases 1, 2, 3, 4, 5 in the group of patients with chronic e.xposure to phosgene (34). 

In descending order are curves which represent the mean and range of variation observed in different labora- 
tories: 4 men, 19-21 years, present studj’, open circuit method of Darling et al (19) ; 12 normals, age not speci- 
fied, open circuit method of Darling et al, by Cournand et al (20) ; 11 men (20-29 years) and 9 men (48-57 
years), modified Christie method (closed circuit), by Robinson (23) ; last three curves, modified Christie method 
(closed circuit), by Kaltreider ct al (21). 
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Fig. I.A.. CusicAL Course; IB. Subdivisioss of Lung Volume; 1C and ID. Intr-afulmonarv Mixing of 
ASES ^Tidal Air: 220—440 ml. generally 32S ml.) voluntarily deepened: 4S0-S10 ml. (generally 600 ml.). De.ad 
^p-«.ce: 182 ml. (Tidal Air below 400 ml.), 224 ml. (Tidal Air above -400 ml.). 
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from the predicted value which is represented by 
the line passing through the zero point. The 
abscissae represent the number of breaths. 

Solid circle • = observed alveolar nitrogen — 
predicted nitrogen concentration. 

Solid triangle a = calculated nitrogen — pre- 
dicted nitrogen concentration. Open circle o 
and open triangle A represent similar nitrogen 


concentration differences during voluntary deep 
breathing." 

■' Cowpnrixum; fjcfwceti predicted, observed, and calcu- 
lated levels of nitroRcii remaining in the liing.s after a 
measured number of breaths oMOO per cent oxygen may 
be made. Predicted nitrogen concentration is the level 
which would exist in the alveolar air in the presence of 
theoretically perfect intrapulmonary mixing of gases. 
This is based on the formula derived by Darling cl al. 
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Fig. 2. The Nitrogen Concentration of Alveolar Air After Seven Minutes of Breathing Oxygen,® 
Plotted Against the Ratio of Dilution of Functional Residual Air with Each Breath (“r”) in Pa- 
tients Exposed to Phosgene 


The observed values are indicated by solid circles and the predicted values by crosses. During shallow breath- 
ing (large “r”), there are more frequent and larger deviations from the predicted concentration than during deep 
breathing. This figure includes observations on the patients who had been acutely exposed to phosgene and also 
on the patients who had been chronically exposed to phosgene (34). 


0 The concentration of alveolar air nitrogen after 7 minutes of breathing oxygen is another index of effectiveness 
of intrapulmonary mixing of gases. 2.5 volumes per cent is considered the upper limit of normal in the presence of 
a normal tidal air volume (20). 
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Fig. 2A. Cunic.\l Coursf.; 2B. Suemvistoxs or Lusg Volume: 2C and 2D. IsTRAruLMO.vAsy yhxi::c or 
Gases — T ib.\L Air: 403-610 ml. (generally 475 ml.). Dead Space; 227 ml. 
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When there is a disturbance in mixing, elimina- 
tion of nitrogen from the lungs will be delayed, 
and calculated and observed alveolar nitrogen con- 
centrations should exceed predicted alveolar ni- 
trogen concentration. If there arc large areas in 
the lungs where mixing is very poor and which 
contribute little or not at all to the alveolar air 

( 24 ) which includes tlic following factors: effective tidal 
air (tidal air minus respirator}’ dead space), functional 
residual air, amount of nitrogen released from the blood 
during the experiment, and number of breaths. Observed 
nitrogen concentration is the level obtained by analysis of 
an end-expiratory alveolar air sample. Calculated nitro- 
gen concentration is the level which remains in the lungs. 
This is arrived at by subtracting the nitrogen in the 
expired air from the nitrogen in the functional residual 
air. The volume of nitrogen released from the blood 
during the measured number of breaths is taken into 
account. 


specimen, the calculated alveolar air nitrogen value 
should be greatly increased and the observed value 
may agree closely with the predicted value. De- 
viations of about 8 jter cent or more in the above 
directions are considered indications of impaired 
intrapulmonary mixing of gases. 

(b) Figures ID, 2D. 3D, 4D, 5C, 6B. In 
these figures, the curves represent the range of 
values of the observed dilution ratios, r. When 
there arc four curves on a figure, the two with 
the lowest r values represent the range during 
voluntary deep breathing; the other two, during 
normal quiet breathing. 

Solid squares ■ represent predicted nitrogen 
concentrations; solid circles •, observed nitrogen 
concentrations; and solid triangles a, calculated 
nitrogen concentrations. The open circles o, 
squares □, and triangles A represent similar ni- 




O 


2'S 
Fig. 3. 







156 


M. GALDSTON, J. A. LUKTSCIIICR, JR., W. T. LONGCOI’E, AND N. L. RALLICII 


trogen concentrations during voluntary deep 
breathing. ;•= with a nuinher following it,, at 
the lower right end of each curve, represents the 
dilution ratio." 

The nitrogen concentrations marked hy an ar- 
row represent values for numbers of breaths 
greater than 140. 

Legend for figures on subdivisions oj lung vol- 
ume (Figures IB, 2B, 3B. 4B). The values ob- 
tained for each patient are compared with the 
normal values of Kaltrieder ct ol for individuals 
of the same age and se.x (21 ) expressed in abso- 
lute volumes. 

The column with initials below it represents 
the observed total lung volume for each patient. 
The column drawn in broken lines rej^resents the 
predicted values for the individual (21). Each 
column is divided into segments which represent 
the per cent of the total lung volume which each 
subdivision comprises. The white area indicates 
the residual air, and the black area above it, the 
vital capacity. The lower segment of the vital 
capacity indicates the reserve air; the upper seg- 
ment, the complementary air. 

Legends for tables lA through VIC. In the 
tables dealing with exercise studies, work is ex- 
pressed both as foot pounds (ft.-lb.) and kilo- 
gram meters (kgm.-m.). 

In the tables dealing with arterial blood oxygen 
tension studies the values in parentheses under 
arterial blood oxygen tension represent the range 
of generally three, occasionally two, four, or five 
determinations by the direct method on the same 
sample of blood. The value preceding the paren- 
theses is the average of these determinations. 

Carbon dioxide tension mm. Hg arterial blood 
direct indicates the level of carbon dioxide tension 
in millimeters of mercury by the direct method 
(27). 

Case 1 (£. T., Female, Age 38, Record No. 295042). 
Height 160 cm.. Weight 46.3 kgm.. Surface Area 1.44 M". 

The patient had been working in the phosgene plant 
for about six months when her face was accidentally 
sprayed with liquid phosgene at about 10:15 a.m., June 
11, 1943. Within a few hours she had developed signs 
of bilateral pulmonary edema and acute emphysema (Fig- 

1 The dilution ratio, r, represents the rate of dilution 
of nitrogen in the functional residual air per effective 
breath (tidal air minus respiratory dead space) of 100 
per cent oxygen. 


tire lA). She was treated with o.xygen inhalation under 
atmospheric and also positive expiratory pressure. By 
the third day, June 13, she had definitely improved. On 
the fourth day, June 14, a roentgenogram of the lungs 
still exhibited diffuse moUling throughout both upper 
lobes and the right lower lobe. On the seventh day, 
June 17, the lungs were clear on physical examination 
and a roentgenogram of the lungs appeared normal on 
the twelfth day, June 22. 

Convalescence was complicated hy complaints of ach- 
ing pain in the left chest and shortness of breath on 
walking a few steps. In spite of these symptoms her 
physical condition improved and she was discharged to 
her home on July 3, 22 days after the accident. 

COURSE FOLLOWING FIRST ADMISSIO.X TO THE HOSPITAL: 
During the nineteen months since the patient inhaled 
phosgene she has entered the hospital for observation on 
four occasions (Figure lA). 

She has complained of tiredness, weakness, marked 
shortness of breath, and paljiitation on climbing one flight 
of steps, accompanied by sensation of a tight band around 
the lower part of the chest, weakness of the left side of 
the body with hyperesthesia and hyperalgesia, nervousness 
when amongst people, and nightmares. There has fre- 
quently been noted tenderness of the trapezius, pectoral, 
biceps and shoulder muscles, and over the cardiac im- 
pulse. Tolerance for moderate exercise has improved 
with practice. The lungs have been clear in serial telco- 
roentgenogram thougii increased aeration of the lower 
Vi of the lung fields has appeared to develop. 

PSYCHIATRIC summary: E. T. is a rather timid, inse- 
cure, apprehensive, and not too well adjusted married 
white woman, who, following e.xposure and a rather 
critically sick period, developed persistent bodily aches 
and pains, weakness, tiredness, and palpitation, which 
may well have a substantial basis physically. She does 
have, though, a definite neurotic background, which is 
highlighted by interpersonal conflicts involving especially 
a very difficult relationship with her husband. Their 
sexual adjustment is quite unsatisfactory, the family 
relationships are not too good, and the patient finds her- 
self annoyed and irritated by the activities of her chil- 
dren. Since the accident she has found it impossible to 
continue with her regular program of activity, she has 
been unable to resume work, and there has been a definite 
tendency toward the development of a chronic invalid 
reaction, which might be characterized clinically as a 
psychoneurosis — an anxiety state with hypochondriacal 
and neurasthenic features. The emotional factors have 
continued to assume increasing importance, and, though 
not recognized consciously by the patient, compensation 
issues are significant. 

pulmonary FUNCTION STUDIES : The ratio of residual 
air to total capacity is close to the upper limit of nor- 
mal variation. The absolute volume of vital capacity is 
norma], but, because of the high residual air, the ratio of 
vital capacity to total capacity is reduced to the lower 
range of normal variation (Figure IB). 
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Respiratory rate and depth at rest are normal. The 
pattern of respiration is not altered by breatliing o.xygen. 
Tlie minute respiratory volume during exercise increases 
primarily by an increase in the depth of tidal air. The 
alveolar air oxygen and carbon dioxide tensions arc 
normal except for a high carbon dioxide tension occa- 
sionally (Table lA). 

The nitrogen dilution rate is slow. The intrapulmonary 
mixing of gases is not impaired. The pulmonary empty- 
ing rate is normal (Figures 1C, ID). 

The oxygen extraction per volume of air breathed at 
rest is at the lower limit of normal. It rises slightly 
during e.xercise (step test) and to a greater degree dur- 
ing recovery. The rate of elimination of carbon dioxide 
is normal at rest and does not change significantly during 
e.xercise but like the oxygen uptake continues to increase 
during recovery (Table lA). 

The arterial blood and alveolar air .studies indicate 
that there is no disturbance in oxygen and carbon dioxide 
exchange in the lungs at rest and during exercise (Table 
IB). 

The voluntary breathing capacity is 72 liters (94.0 per 
cent of the predicted value) when standing and 70 liters 


TABLE lA 

Respiratory pattern resting 


Date 

1944 

Erperi- 

nient 

Reap. 

rate 

Tidal 

air 

Min. 

vol. 

Alveolar air 

Expired nir 

pOj 

pCOj 

Oj 

COj 





/ 




per 








cent 

cent 

8/14 

Air 

12 

403 

4.88 

94.5 

52.2 

17.00 

3.13 


Oj 


— 

4.93 

658.0 

41.0 



— 


Oi 

13.5 

331 

4.47 

652.0 

43.3 

— 

— 

8/15 

Oj 

15.5 

353 

5.51 

640.0 

41.5 

— 

— 


Oi 

14.5 

440 

5,89 

650.0 

42.0 

— 

— 

8/16 

Air 

15.5 

372 

5.82 

99.8 

40.7 

17.19 

2.90 


Air 

17 

344 

5.82 

91.4 

47.3 

17.25 

3.02 


Exercise * 


Date 

1944 

State 

Work 

Resp. 

rate 

Tidal 

air 

Min. 

vol. 

Oj ex- 
trac- 
tion 

COj 

out- 

put 








vol. 

voL 



ft.-lb. 

kgm.-yn. 


ml. 

i. 

per 

per 








cent 

cent 

2/25 

Resting 

— 

— 

20 

225 

4.50 

— 

— 

3/1 

Exercise 









O'-l' 

4,820 

666 



— 

13.10 

5.88 

4.04 


l'-2' 

4,450 

616 

— 

— 

24.40 




Recovery 









2'-3' 

— 

— 

— 

— 

28.80** 

4.10 

4.50 


Recovery 









3'-4' 


— 

— 

— 

17.20 




Recovery 









4'-5' 



— 

— 

— 

10.00 

2.15 

3.07 

8/19 

Resting 



— 

15.5 

408 

6.32 

3.43 

2.89 


Resting 

— 

— 

16.5 

383 

6.32 

3.68 

2.93 


Exercise 









O'-l' 

2,720 

376 

— 

— 

14.40 

3.76 

2.87 


Recovery 









l'-2' 

— 

— 

19 

680 

12.90 




Recovery 









2'-3' 



— 

19 

600 

11.35 

4.48 

3.86 


Recovery 









3'-4' 



— 

19 

492 





Recovery 









4'-5' 


“ 

18 

483 

8.70 




* Exercise on 3/1 was on bicycle ergometer, on 8/19 was 
step test. 

** Dyspnea at this volume. 


TABLE IB 

Arterial blood studies 


Date 

1914 

State 

COj 

con- 

tent 

Oj 

con- 

tent 

Oj 

cap.a- 

city 

Satu- 

ration 

2/18 

Room air 

Tol. 

per cent 

tol. 

per cent 

14.9 

vol. 

percent 

1.5,5 

per 

cent 

95.6 


Oxygen 

— 

16.4 

16.2 

101.0 

8/19 

Room air — basal 

53.0 

15.7 

16.2 

97.0 


Room air — recovery * 

47.9 

16.6 

1 

17.4 

1 

95.5 




Oxygen tension 

Carbon dioxide 
tension 



Date 

1945 

State 

Alv. 

Art. liloo<l 

i 

Alv. 

Arterial 

bloo<i 

COi 

con- 

tent 

Sc- 

rum 

pH 

i 

i 

air 

air 

Di- 

rect 

Cal- 

cu- 

lated 

1 


1 

1/30 

Resting 

95 

mm. lio 

\ 95(92-97) 

r; 

43 

nm. I. 

41 

Iff 

46 

tol. 

per 

cent 

57.8 

7.36 

1/31 

Resting 

96 

1 97(96-98) 

43 

39 

40 

56.0 

7.40 


After 
exercise 
2.5 min. 

I 

123 

1 

' 117(116-119) 

40 

39 





5 min. 

111 

109(108-110) 

1 

43 

37 

I 46 

1 

42.3 

7.21 


* Within first minute after step test. 


(101.7 per cent of the predicted value) when recumbent. 
Breath-holding time is normal. The results of postural 
tests on a tilt table arc normal. Tlie cardiac output is 
1.54 liters per minute per square meter body surface area. 
This is a normal value. 

SUMMARY : A relative decrease in vital capacity and a 
relative increase in residual air are suggestive of early 
pulmonary emphysema. Ventilatory and respiratory func- 
tions of the lungs are normal. 

Case 2 (L. IF., Female, Age 39, Record No. 311004). 
Height 160 cm.. Weight 61 kgm., Siirjacc Area 1.61 M'. 

The patient had been working in tlie phosgene plant for 
about F/y years when she accidentally inhaled phosgene at 
about 6:00 p.m., January 4, 1944, by placing her head 
under a hood in which there was a cracked glass ampule 
containing 40 ml. of pho.sgene. There were no immediate 
di.sabling symptoms and the patient worked the remainder 
of the shift. 

There was no history of previous inhalation of phos- 
gene. Shortness of breath developed 6 to 8 hours after 
inhalation of phosgene. This symptom along with cough 
and expectoration of thick, yellow sputum became pro- 
gressively worse during the next F/y days. 

The patient was brought to the Johns Hopkins Hos- 
pital at 12:30 p.m., January 6, 1944, approximately 41 
hours after exposure to phosgene. By then there were 
severe pulmonary edema, acute emphysema, partial col- 
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Pic. 5A. CuN'icAi. Course; SB and SC. ISTRAruLMoxARY Mixing or Gases — Tid.al .Air; 225-SOO ml. {gen- 
erally 325 ml.). Dead Space; 165 ml. (Tidal Air below 300 ml.), 225 ml. (Tidal Air above 300 ml.) 
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6A 6B 

Figs. 6A and 6B. Intrapulmonary Mixing of Gases— Tidai, Air: 220-375 ml. (gcncrnlly 275 ml.), voluntar- 
ily deeped, 512-625 ml. (generally 525 ml.). Dead Space: 161 ml. (Tidal Air below 400 ml.); 210 ml. (Tidal 
Air above 500 ml.). 


lapse of the left lower lobe, marked ano.xeniia (arterial 
blood oxygen saturation 54 per cent), fever and leukocy- 
tosis (Figure 2A). Treatment consisted of continuous 
inhalations of 60 per cent oxygen combined with 20- 
minute periods of 100 per cent oxygen under 6 to 12 cm. 
of water expiratory pressure. 

By the morning of the third day of hospitalization the 
patient was comfortable and without oxygen, and ab- 
normal lung signs were practically all gone by clinical 
and roentgenographic examinations. 

Convalescence was rapid and without complications. 
At the time of discharge, January 17, 11 days after ad- 
mission to the hospital, the patient experienced only 
slight shortness of breath and no undue fatigue after 
moderately severe exercise. 

course following first admission to the hospital 
(Figure 2A) : A roentgenogram of the lungs taken one 
week following discharge from the hospital appeared 
normal. The patient returned to work one month fol- 
lowing discharge from the hospital. Shortness of breath 
was no longer present at that time. 

When last seen in June, 1945, approximately 17 months 
after the inhalation of phosgene, the patient was working, 
had no complaints, and did not exhibit any abnormalities 
on physical examination. 

psychiatric summary : L. W- is a 40-year-old widow 
who returns to the hospital for a checkup at this time 
(January 25, 1945) and says she feels perfectly all right. 
She had her exposure in January, 1944, and after 11 days 


in the hospital she took 5 weeks of rest at tlic suggestion 
of Dr. Longcope. Her course since then has been quite 
uneventful as far as complications are concerned, and her 
personal adjustment has been excellent. Her previous 
personality structure was that of a stable, conscientious, 
hard-working woman. Her attitude at present is ex- 
cellent and her emotional reaction quite good. She has 
been able to work regularly and, although she occasionally 
has pain in the left side of her chest, she does not get 
particularly distressed by it, and actually handles it quite 
well without any pronounced neurotic exaggeration. She 
has had periods of despondency, which have not been se- 
vere or particularly incapacitating. Since her husband’s 
death some 8 years ago, she has devoted her life to the 
raising of her son and has been working hard enough to 
provide for him adequately. She is proud of her contri- 
bution to the war effort and national emergency through 
her work, the buying of bonds, and giving of blood. 
There is very little recreation in her life because her 
work takes up so much of her time, but she seems to 
thrive on it and derives a great deal of satisfaction from 
this work. In addition, she gets a substantial amount of 
satisfaction and emotional support from the good rela- 
tionship with her son. She says, “I have no alternative 
— I have to work to support my son.” 

In general, she seems a quite stable .individual who 
has made a very good personal adjustment to her trau- 
matic experience, showing no particularly untoward emo- 
tional response, and being able to maintain a very sensi- 
ble attitude. 
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PULMOKARY FUNCTION STUDIES : The Vital capacity and 
the relative values of the subdivisions of the total lung 
volume are normal (Figure 2B). 

Respiratory rate at rest is rapid, tidal air is normal, 
and minute respiratory volume consistently high. Breath- 
ing o.\'ygen does not alter the pattern of respiration. 
During e-vercise, hyperventilation is even more marked 
than at rest because ■ of a large increase in tidal air 
(Table IIA). 

The nitrogen dilution rate, intrapulmonary mixing of 
gases, and pulmonary emptying time are normal (Figures 
2C, 2D). 

The maximum breathing capacity in the erect posture 
is reduced. It is 67.5 liters, which is 80.5 per cent of 
the predicted volume. 

The oxygen extraction at rest per volume of air 
breathed falls below the normal range. The correspond- 
ing rate of carbon dioxide output is at the lower limit of 
normal.' During exercise they both rise to well within 
the normal range (Table IIA). 

The alveolar air oxygen tension is consistently high 
and the carbon dioxide tension low. This is probably due 
to persistent hyperventilation and is reflected by a low 
resting arterial blood carbon dioxide content and tension 
and a relatively high pH (Table IIB). 

The arterial blood oxygen tension is considerably lower 
than that of the alveolar air at rest and after exercise 
(Table IIB). The air samples are representative of 
alveolar air since there is close agreement between the 
carbon dioxide tension of the alveolar air and arterial 
blood. There is no anoxemia. Breath-holding time is 
normal. 

The results of postural tests on a tilt table are normal. 
The cardiac output is 1,05 liters per minute' per square 


TABLE IIA 

Respiratory pattern resting 


Dale 

1044 

Experi- 
1 ment 

1 

iRegp, 

1 rate 

1 

! Tidal 

1 air 

1 

' Min. 
vol. 

Alveolar airj 

Expired air 

1 

pOj 

pCOi 

Or 

COr 




ml. 

I. 



per 1 

per 








ccn( 

cent 

O/l'I 1 

1 

26 1 

m 1 

12.24 

115.1 

32.8 

- . 1 


6/JS 

Oj 

22 , 

535 

11.D3 

676.0 

26.6 

— 1 

2.27 

Air 

28 

418 

11,55' 

106.5 

35.9 

18.21 

2,47 

0/J6 

Oj 

SO 

412 

12.501 

I 



2.11 

Oj 

26 

403 

10.51' 

661.0 

28.4 

1 

2.54 


Exercise * 


Date 

1944 

State 

Work 

Resp. 

rate 

Tidal 

air 

Min. 

vol. 

1 Oj cx- 
1 trac- 
tiocc 

CO 2 

out- 

put 



/L-16. 









t'Ojn.-m.j 


ml. 

1. 

per 

per 

6/15 

0/17 

nesting 

Exercise 

O'-l' 

6,(MS 

1 

S37 

2S ! 
33 

413 

1,025 

11.55 i 
33.90 i 

cent 
2.72 1 
4.2S 

cent 

2.47 

3.6S 


Itecovm* 

r-2' 

“ 

— , 

30 , 

920, 

27.60 1 

— 1 

— 

• 





! 

1 

i 



consisted of climbing 3 flights of stairs (36 
Ps; m one mmutc; recoveri' period while standing. 


TABLE IIB 

Arterial blood studies 


Date 

1944 

j State 

Oj 

content 

Or 

capacitj' 

Saturation 


! 

TOl. 

per cent 

tol. 

• per cent 

per cent 

5/16 

Room air 

12.5 

12.8 

97.8 

Room air , 

12.6 

12 .S j 

OS.-i 


hyper\'entilaUon 
Orj'een | 

12.S 

1 

12.8 

100.0 




Oxj'gen tension 

1 

Carbon dioxide 
tension 

i 


Dale 

1045 

State 

1 

1 

1 

Aly.j 

1 

Art. blood | 

1 

1 

1 

1 

Alv. , 
air i 

1 

i 

Arterial 

blood 

cojI 

con-i 

tent 

Sc- 

rum 

pH 



air 1 

1 

1 

Di-I 

rect| 

Calcu-I 
lated j 



1/25 

Resting 

117 

mm. Bo 

101(100-103) 

1 

30 

nm. i 

Is 

1 32 

tol. 

per 

cent 

52.0 

7.48 

Resting 

117 

93(96-99) 

27 

1 — 

- 29 

50.6 

i 7.50 

1/26 

Resting 

109 

103(104-106) 

35 

1 ^ 


,50.2 

7.33 


(sitting in 
bed> 

After exercise 
1 min.* 

117 

102(101-103) 

31 

i 

1 30 

1 

i 30 

1 

147.0 

1 

7.4-1 


5 min. 

116 

109(107-110) 

31 

[20 

! 30 

1 

47.0 

7.45 


* Alveolar air sample taken while sitting in bed. 


meter body surface area. This is low according to the 
standards used. 

summary: Ventilatory function is normal e.xcept for 
hyperventilation characterized by a rapid respiratory rate 
and a normal tidal air and a reduced voluntary breathing 
capacity. The low oxygen uptake and carbon dioxide 
output per volume of air breathed in the presence of a 
normal tidal air, together with the significantly higher 
oxygen tension in the alveolar air than in the arterial 
blood indicate a disturbance in respiratory function. 

Case 3 (ff. C., Male, Age 30, Reeord No. 310831). 
Height ITT cm., Weight 697 kgm.. Surface Area 1.84 

The patient worked as a munitions handler at Edge- 
wood Arsenal for approximately 2 years prior to the 
time he was incapacitated by phosgene. During that time 
he had two seemingly' insignificant inhalations of phos- 
gene. There was no history of lung disease. 

On January 4, 1944, at 2:30 p.m., the patient acci- 
dentally took at least two full breaths of phosgene while 
filling shells with phosgene. He promptly experienced 
marked tightness in the chest, became nauseated, and 
vomited. There was prompt subjective improvement 
from oxygen and the patient returned to work in half 
an hour. He worked the remainder of the day though 
he experienced tightness in the chest, cough with ex- 
pectoration of thick yellow sputum, and dizziness. These 
symptoms along with respiratory distress progressed dur- 
ing the night. 

The patient entered the Johns Ho.okins Ho<pitnl on 
January 5, almost 24 hours following the accident (Fig- 
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TABLE IIIA 

Respiratory pattern resting 


Dnto 

1914 

Experi- 

ment 

Rc-sp. 

rnte 

Titlnl 

ftir 

Min. 

vol. 

Alveolar nir 

Expired nir 

pOs 

pCOs 

Oi 

COs 








per 

TXT 








cent 

cent 

6/7 

Air 

22.0 

477 

10.55 

100.4 

38.7 

— 

2.00 


Os 

19.5 

440 

8.57 

027.0 

39.8 


2.80 

6/0 

Air 

22.0 

410 

0.10 

105.0 

.38.7 

17.88 

2.50 

Os 

20.5 

452 

0.20 

761.0 

33.0 


2.82 


Exercise * 


Date 

1944 

State ' 

Work 

Reap. 

rate 

! Tidnl 
nir 

Min. 

vol. 

Os ex- 
trac- 
tion 

COs 

Otlt- 

put 








TOl, 

TOl. 






ml. 

1. 

per 

per 






cent 

cent 

0/9 

6/10 

Resting 

Exercise 

19,800 

2,740 

22 

48 

413 

874 

9.10 
41. SO** 

3.05 

2.33 

2.50 

3.&I 

O'-l' 

Recovery 

— 



37 

950 

35.20 

— 

— 



l'-2' 



28 


23.40 



6/10 

Exercise 

6.240 

S6-I 

830 



i 

Q'-l' 

Exercise 

6,900 

9>1 

32 

800 

27.50 

5.23 

4.51 


l'-2' 

Exercise 

7,000 

968 

31 

904 

30.80 

— 

— 


2'-3' 






1 



* On bicycle ergometer. 
** Dyspnea. 


urc 3A). By then there were pulmonary edema, acute 
emphysema, marked anoxemia (arterial blood oxygen 
saturation S3 per cent). The level of arterial blood 
pressure was 120/70. There were no signs of heart fail- 
ure. Treatment consisted of continuous inhalations of 60 
per cent oxygen under atmospheric pressure with 20- 
minute periods of 100 per cent oxygen under 6 to 12 cm. 
of water expiratory resistance. 

By the morning of the third day, January 7th, the 
patient had definitely improved. On the fifth day, Jan- 
uary 9th, he no longer required oxygen and on the sixth 
day, the lungs were clear. Convalescence was rapid and 
he was discharged on the thirteenth day, January 17, 
capable of performing moderately heavy work without 
any difficulty. 

COURSE FOLLOWING FIRST ADMISSION TO THE HOSPITAL 

(Figure 3A) : The patient returned to work as a painter 
at Edgewood Arsenal three weeks after discharge. He 
did not experience any limitation of physical ability. 

When last seen in January, 194S, approximately one 
year after accidental exposure to phosgene, he was work- 
ing steadily, was in good health, and did not exhibit any 
new physical findings. 

PSYCHIATRIC summary: H. G. is a likeable, friendly, 
but very simple person. He is stable, has a good work 
record which he points to with pride, and he is con- 
scientious. Though his exposure was followed by quite 
definite bodily distress, he experienced a very satisfactory 
emotional reaction and, largely as a result of his feeble- 
mindedness, which may well have prevented his being 
able to appreciate fully the seriousness of the situation, he 
was able to make a very good personal adjustment char- 


acterized by an agreeable, enthusiastic attitude, and an 
anxiousness to return to his former work to prove that 
he could take it. 

pulmonary functio.v STUDIES : The vital capacity is 
normal. The ratio of residual air to total caj)acity is 
normal (Figure 3B), 

The rate of breathing is rai)i(I ; tidal air is at the lower 
limit of the normal range. Tlie minute volume is high. 
Tl)c expired air carbon dioxide content is low and oxygen 
content high. The composition of the alveolar air is 
normal. During moderate exercise, dcptli of breathing 
increases and the carbon dioxide out[)ut and oxygen ex- 
traction rise (Table IIIA). 

The rate of dilution of lung nitrogen is normal. The 
data concerning intrapulmonary mixing of gases arc in- 
sufficient to draw definite conclusions, but several points 
arc suggestive of impaired mixing (Figures 3C, 3D). 

The o.xygcn saturation of the arterial blood at rest is 
96.4 per cent (Table IIIB). O.xygen and carbon dioxide 
tension studies in arterial blood and alveolar air indicate 
that there is no disturbance in gaseous exchange in the 
lungs at rest and during exercise. 

The voluntary breathing capacity in the erect posture 
is impaired. It is 81.8 liters which is only 62.7 per cent 
of the predicted value. Breath-holding is normal in dura- 
tion. 

Postural change on a tilt table produces no abnormal 
circulatory or respiratory response. The cardiac output 
is 1.41 liters per minute per square meter body surface 
area. This is a normal value. 

summary: There is a disturbance in the ventilation as 
indicated by a low voluntary breathing capacity, a rapid 
respiratory rate, and suggestive evidence of impaired in- 
trapulmonary mixing of gases. Respiratory function of 
the lungs is normal. 


TABLE IIIB 
Arterial blood studies 


Date 1944 

State 

Os content 

Os capacity 

Saturation 

6/8 

Resting 

Tol. per cent 

17.7 

rol. per cent 

18.4 

per cent 

96.4 ■ 




j O-xygon tension 

Carbon dioxide 
tension 



Date 

1945 

State 


Art. blood 

Alv. 

Arterial 

blood 

COs 1 
con- 
tent 

Sc- 

rum 

pH 



air 

air 

Di- 

rect 

Cal- 

cu- 

lated 



1/12 

Resting 

96 

mm. Ho 

96(94-98) 

n 

42 

un, h 

Jg 

42 

vol, 

per 

cent 

57.8 

7.39 

Resting 

99 

99(97-102) 

43 

— 

— 

1 

— 

1 

i 

After 
exercise 
1 min. 

125j 

125(122-128) 

38 

— 

43 

1 

45.7 

7.27 
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Case 4 (L. T., Male, Age 4S, Record No. 314230). 

Height 174 cm., IVcight 6SJ. kgm., Stirjacc Area 1.81 hP. 

The patient has been under the care of his private 
pliysician since 1938 because of inconstant aching pain in 
the left anterior chest, not related to breathing or exer- 
tion. Cause for the pain has not been found. 

He worked in the chlorine and phosgene plants of 
Edgewood Arsenal for nearly two years before lie was 
admitted to the Johns Hopkins Hospital following acci- 
dental inhalation of phosgene. 

On November 15, 1942, the patient had a non-disabling 
exposure to chlorine. On December 23, 1943, he acci- 
dentally took a short breath of phosgene while loading 
shells in a box car. He soon had a choking sensation, 
coughed frequently, expectorated tenacious white phlegm, 
became nauseated, vomited, and felt dizzy. He did not 
seek medical attention and rested at home for the next 10 
days. On returning to work there still were some cough, 
expectoration, and a sensation of tightness in the chest. 

On February 16, 1944, he again accidentally took one 
or two breaths of phosgene. The immediate symptoms 
were similar to those following the first exposure but 
more intense. He sought medical attention for the symp- 
toms. The next morning on reporting to work he rvas 
referred to Johns Hopkins Hospital (Figure 4A). 

Here it was noted that the patient had acute pulmonary 
emphysema, edema of the base of each lung, and edema 
of the pharynx. There was no heart failure. 

Treatment consisted of continuous inhalation of 60 per 
cent oxygen at atmospheric pressure and frequent 20- 
minute periods of 100 per cent oxygen with 5 cm. of 
water expiratory resistance. 

Improvement svas rapid. Graded exercises were begun 
on February 23rd, 6 days after admission. On discharge, 
March 3rd, 19 days after admission, he was able to per- 
form moderately heavy work without respiratory distress 
or fatigue. 

A roentgenogram of the chest taken on the day of 
admission e.vhibited slight clouding tit the cardiohepatic 
angle.^ On the seventh day, roentgenograms of the lungs 
and sinuses appeared normal. 

COURSE POLLOWtXG FIRST ADMISSIOX TO THE HOSPITAL! 

The patient returned to work but svas able to do only 
Ifeht labor because of pain over the left chest, similar to 
that which he had experienced for the past 6 years, 
tenderness to touch over the precordium, and shortness of 
reath on moderate exertion. These symptoms were still 
present when he was readmitted to the hospital on May 
- , 1944, more than 3 months after the last inhalation of 
P'osgene and again on January 10, 1945, approximately 
months later. The only disturbance noted on physical 
lamination was rapid, shallow abdominal breathing. 

'e c lest remained immobile except during deep inspira- 
lon V. icn it e.\panded 7 cm. He was taught breathing 
-ercises to encourage the use of his chest muscles in 
did not improve during the 
” . J’°^P'Iaiization. His capacity for work appeared 

‘o be limited moderately. 


PSYCHIATRIC SUMMARY : L. T. is a stable, well-adjusted 
colored male, who seems to have lived a very satisfactory 
life with a good work record and a well-rounded program 
of activities. In a conscientious sort of way, he has 
maintained wholesome personal contacts with relatives and 
friends which afforded him a considerable amount of 
emotional support and security. His reaction to the 
exposure was not accompanied by any remarkable emo- 
tional reaction, and his subsequent personal adjustment 
has remained good, though he continues to have some 
symptoms which he finds not too disturbing and to which 
he is able to adjust quite well, so that he has been able 
to resume work and live reasonably comfortably. Largely, 
it would appear, as a result of his previous excellent per- 
sonality synthesis, he has been able to overcome the diffi- 
culties and to maintain a very reasonable attitude, with 
little tendency toward the development of an invalid 
reaction. 

PULMONARY FUNCTION STUDIES I Vital Capacity is ab- 
normally low. The relationship of the residual air to 
the total lung volume is at the extreme upper limit of 
the normal range (Figure 4B). 

The respiratory rate at rest is rapid, the tidal air, at 
the lower limit of the normal range, and the minute vol- 
ume of respiration, abnormally high. Breathing oxygen 
does not alter the pattern of respiration. Durbg exercise, 
the minute volume increases through depth of respiration. 
The rate becomes slower but is still rapid. The rate of 
oxygen extraction at rest is generally below the limit of 
normal variation, and the rate of carbon dioxide output 


TABLE IVA 

Respiratory pattern resting 


Date 

1044 

Experi- 

ment 

Resp. 

rate 

Tidal 

air 

Min. 

vol. 

Alveolar air 

Expired air 

pOs 

pCOs 

Os 

COs 





1 



per 









ctnl 

cent 

5/30 

Air 

36 

427 

15.30 

110.2 

41.4 

19.15 

1.3S 


Os 

34 

426 

14.70 




137 

5/31 

Air 

42 

413 

15.65 

87.9 

48.0 


3,8G 


Os 

30 

434 

15.55 




2,21 

G/3 

Air 

3S 

422 

16.05 

104.4 

41.1 

18.56 

1.94 


Os 

37.5 

379 

13.05 




1.98 


Exercise * 


Date 

1944 

State 

j Work 

Resp. 

rate 

Tidal 

air 

Min. i 
vol. ^ 

O- ex- 
trac- 
tion 1 

COi 

out- 

put 

3/6 

Exercise O'-l' 

ft.-ib. 

16.5 S5 

ksm.' 

m. 

2300 


rrj. 

/. 

403 

vol. 

per 

cent 

3,13 

roi. 

cent 

3£Z 

Recover!' r-2* 

— 

— 

— 

— 

54.5** 

439 

3.97 

3/7 i 

Resttne i 

— — j 


24 

442 

10.6 

333 

2.91 

Exercise O'-l' 

3.9S0 

550 


— 

1 30.9 

437 

3.03 

i 

6/1 

Recover!* r-'2'| 
Sitting on 



30 

533 

; 25.0 
! 153 

4A6 

1333 


bio'cJe ! 

Exercise 

21.000 

2.900 

23 

1,040 

1 

233 

3J3 

.351 


Recovery 2'-4'i 

— 

— 

30 

1.050, 

! 313 

2.73 

3.41 


Recovery' 4'~S' 

— • 


27 

9SO 


233 

^2J5 


• Bicycle ergometcr. 

•* Subjective dyspnea at this level. 
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TAHLE ivn 
Ar/cn'al blood studies 


Date 

1944 

State 

CO. 

con- 

tent 

pi I 

pCO; 

Oj 

con- 

tent 

1 

O; 

capa- , 
city 

Satu- 

nitlon 



toL 



fo/. 

t’o/. 

per 

fent 



firr 



frr 

per 



(rill 



crut 

(rut 

3/5 

Room air 

— 

— 

— 

16.0 

16.9 

94.7 

6/1 

Room air 

55.6 

7.37 

42 

19.4 

20.6 

94.0 




OxyRcn tension 

Carbon dioxide i 
tension 1 



Date 

194.S 

State 

! 

Alv. 

Art. blood | 

i 

Alv. 

Arteriai 1 
blood j 

CO. 

con- 

tent 

Sc- 

rum 

Pll 



air 

air ' 

1 

Di- 

rect 

Cal- 

cu- 

lated 



1/10 

Resting 

89 

mill. Ilg 

82(80-84) 

43 

nil. Il 

h 

43 

roj. 

per 

(nil 

55.3 

i 

7.35 

Resting 

89 

89(85-91) 

— 

— 

— 

— 

i 


Resting 

97 

95(92-100) 

44 

— 

43 

50.4 

— 


After 
exercise 
3.5 min. 

123 

118(117-119) 

36 

— 

38 

42.0 

7.28 


is below or dose to tiic lowest extreme of the normal range 
(Table IVA). 

The dilution rate of nitrogen when oxygen is breathed 
is slow. Intrapulmonary mixing is impaired and the 
pulmonary emptying rate is slow (Figures 4B, 4C). 

The oxygen saturation of arterial blood at rest is 
normal (Table IVB). The arterial blood and alveolar 
air oxygen and carbon dioxide tension studies indicate 
that there is no disturbance in gaseous exchange in the 
lungs (Table IVB). 

The voluntary breathing capacity when erect is 111.6 
liters or 99.5 per cent of the predicted value. The breath- 
holding time in room air was 20 seconds in three efforts. 
The alveolar air carbon dioxide tension was 47 mm. Hg, 
and the oxygen tension, 65.8 mm. Hg at the breaking 
point. 

Passive change in posture on a tilt table is accompanied 
by no unusual respiratory or circulatory response. The 
cardiac output is 1.37 liters per minute per square meter 
body surface area. This is a normal value. 

summary: Pulmonary ventilation is impaired as indi- 
cated by a relatively reduced vital capacity and comple- 
mentary air, and a relatively increased residual air and 
mid-capacity, impaired intrapulmonary mixing, and slow 
pulmonary emptying rate. These changes are consistent 
with' pulmonary emphysema. 

There is hyperventilation characterized by rapid and 
relatively shallow breathing, Respiratory function at 
rest and during exercise is adequate. 


Case 5 {S. 0., Female, Age 43, Record No, 313427). ■ 
Height 156 em.. Weight 58.6 hgm., Surjaee Area 1.57 M'. 

The jiaticnt worked in the ijliosgcnc plant, Iidgewood 
Arsenal, for a[)proximafcIy 2 montlis prior to accidental 
inhalation of a low concentration of phosgene for about 
10 minutes on January 22, 1944. 

She was promptly admitted to the Station Hospital, 
Fdgewood Arsenal, where she complained of sneezing, 
watering of the cye.s, substernal distress, and nausea and 
vomiting. 

Her conjunctivac and pharynx were injected. The 
thorax was .symmetrical, expansion .shallow and equal. 
The lungs were clear tliroughout. The level of arterial 
|)rc.ssurc was 116/70. There were no signs of heart 
failure. 

COURSE liV ST.ATION iiospiTAi, : Injcctioo of the pharynx 
and conjunctivac cleared in a few days. Pulmonary 
edema did not develop. She frequently complained of 
shortness of breath on moderate exertion, cough, weak- 
ness, and pain over the heart. She was afebrile. 

A tclcoroentgenogram was interpreted as exhibiting old 
obliteration of the right costophrenic sulcus, chronic dif- 
fuse emphysema, and a partially calcified nodule in the 
right upper lobe. The heart appeared normal. When the 
patient was discharged on February 1, after 16 days of 
hospitalization, she still had the previously mentioned 
complaints. 

SUBSEQUENT COURSE (Figure 5A) : The patient was 
admitted to the Johns Hopkins Hospital 1 week later 
because of persistence of symptoms. There was a non- 
productive cough, obliteration of cardiac flatness by pul- 
monary resonance. The lungs were clear throughout. 

The cough gradually diminished but her tolerance for 
exercise remained limited at the time of discharge, after 
20 days of hospitalization. 

She was readmitted to the hospital on March 21, 1944, 
for 19 days and again on ‘May 29, 1944, for 11 days be- 
cause of symptoms which were the same as on the first 
admission. 

On each admission, no abnormalities were found on 
physical examination. She had numerous minor com- 
plaints and there often was slight tenderness to the touch 
in the 4th and 5th interspaces about the mid-clavicular 
line on the left. 

Treatment with 60 per cent oxygen sometimes gave 
symptomatic relief. Breathing exercises and encourage- 
ment seemed the most effective treatment. 

When last observed in June, 1944, approximately 6 
months after the accident, there was no change in symp- 
toms, tolerance for work and physical findings. 

PSYCHIATRIC SUMMARY ; S. O. IS a somewhat timid, 
ineffectual, but conscientious person, who has reacted to 
her exposure by developing considerable anxiety with 
depressive manifestations. Her past life has been rather 
unhappy, she is an immature person, and depended on 
her family for emotional support, though she experienced 
very little real satisfaction in life. Through her work 
she hoped to emancipate and find some comfort in her 
more independent adjustment, but things did not turn out 
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as anticipated. The social transplantation, with the sev- 
ering of old friendships and wholesome interpersonal con- 
tacts, did not work out so well. As a result there was a 
fertile field for the development of neurotic trends which 
developed following her psychologically traumatic experi- 
ence and tended to exaggerate the bodily complaints and 
anxiety-like manifestations commonly seen in these people. 
Compensation issues, more or less unconsciously moti- 
vated, provided an impetus for the development of an 
invalid reaction with anxiety, hypochondriacal, and reac- 
tive depressive trends. Unfortunately, this illness has 
permitted the patient to develop a martyr-like attitude 
which serves a useful purpose as far as her personal needs 
are concerned so that it seems doubtful if she will be able 
to develop easily any real incentive to get better. 

PULMONARY FUNCTION STUDIES : The Components of the 
total lung volume are within the normal range. The data 
do not allow a calculation of the exact proportions (Table 
VA). 

The rate of breathing is rapid, the depth is variable 
from test to test, although relatively constant during any 
one test. The tidal air is generally very low. The min- 
ute volume is higher than normal, especially when the 
tidal is larger than usual, as the patient does not com- 
pensate with a slower rate. During exercise, the depth 
is greatly increased and the minute volume becomes ex- 
cessive even with mild exercise. Hyperventilation con- 
tinues for at least 5 minutes after exercise. The expired 
air at rest contains little carbon dioxide and an abnor- 
mally high oxygen concentration, and a similar trend is 
observed during and following exercise. The alveolar air 
is of approximately normal composition (Table VB). 

On oxygen breathing, the rate of dilution of lung 
nitrogen is slow, but no disturbance of mixing of gases 
is demonstrated (Figures SB, 5C). 

The arterial oxygen saturation is abnormally low at 
rest and rises during exercise and when breathing 100 
per cent oxygen (Table VC). 

The voluntary breathing capacity measured while 
standing is abnormally low. It is 55.5 liters or 69.5 per 
cent of the predicted value. Breath-holding is limited to 
to 26 seconds and is not influenced by hyperventilation 
or oxygen breathing. 


TABLE VA 


Subdivision of lung volume 


Vital capacity 
(erect) 

'-ornplementarv' 
air (erect) 
Kescrv’e air 

(recumbent) 


Observed 

volume 

Predicted 

volume 

Obser%'ed 

Predicted 

ml. 

ml. 


3,475 

3,020 

115.0 

2,550 

1,985 

128.5 

1,055 

1,035 

102.0 

2,030 

1,680 

119.0 


TABLE VB 

Respiratory pattern resting 


1 

Date 

1944 

Experi- 

ment 

1 

Resp. 

rate 

Tidal 
air 1 

1 

Min. 

vol. 

Alveolar air , 

Expired air 

6 

pCOs 

Os 

COs 



1 





per 

per 








cent 

cent 

4/12 

Oj 

21.5 

265 

6.64 


— 

— 

2.01 

4/IS 

Os 

17.0 

413 

6.94 

■ — 

— 

— 

2.62 

4/24 

Oi 

34.S 

225 

7.82 

6S2.0 

40.4 

— 

1.52 

6/5 

Air 

23.5 

385 

9,05 

107.2 

39.2 

19.84 

2.25 


Os 

27.5 

412 

10.08 

661.0 

33.9 

— 

3.54 

6/6 

Os 

22.0 

387 

8.60 

660.0 

40.2 


2.26 


Exercise * 


Date 

1944 

State 

Work 

Resp. 

rate 

Tidal 

air 

Min. 

vol. 

Oi ex- 
trac- 
tion 

COi 

•out- 

put 



fl.-lb. 

kgm.- 


ml. 

;. 

vol. 

per 

vol. 

per 




m. 




cent 

cent 

2/25 

Resting 



— 





5.30 

— 

— 

2/26 

Exercise 0-1' 

1,640 

227 

— 

— 

22.60 

4.18 

3.63 

Recovery l*-2* 

— 

— 

— 

— 

25.00 

— 

— 


Recovery 2'-3' 


— 

— 

— 

16.30 




Recovery 3-4' 

— 

— 



— 

13.35 

2.79 

2. SO 


Recovery 4'-5' 

— 

— 


— 

13.60 

— 

— 


Recovery 5'-6' 

— 

— 

— 

— 

12.05 

2.06 

2.03 

4/26 

Resting (on 

— 

— 

34 

210 

7.20 

— 

— 


bicycle) 
Exercise O'-l' 

200» 

_ 

34 

1.020 

34.70 




Recovery l'-2' 

— 

— 

32 

835 

26.80 

— 

— 

4/26 

Resting (on 

— 

— 

36 

260 

9.30 

— 

— 


bicycle) 
Exercise O'-l' 

220» 

_ 

35 

1.240 

43.30 


- 


Rea>very r-2' 


— 

40 

812 

32.50 




* Bicycle ergometer. 

** Work was obviously greater than measured. 


TABLE VC 

Arterial blood studies 


Date 1944 

State 

O* content 

Os capacity 

Saturation 



vol. per cent 

vol. per cent 

Per cent 

ifii 

Room air 

13.7 

15.0 

91.3 


Oxygen 

14.4 

14.6 

98.6 

Ain 

Room air 

14.3 

, 16.0 

92.4 


Room air — 
exercise 

15.7 

16.4 

95.6 


Passive change in posture on a tilt table is not accom- 
panied by any abnormal circulatory response. There is 
a moderate increase in the rate of respiration in the hori- 
zontal position and mild hyperventilation occurs after 
tilting in either direction. 

summ.ary: The relationship among the components of 
the total lung volume is normal. The abnormally low 
arterial blood oxygen saturation, in the absence of im- 
paired intrapulmonary mi.xing of gases, indicates that the 
disturbed respiratorj- function is not related primarily to 
the rapid, shallow breathing. 

Case 6 (,M. P., Peinalc, Age 49, Record No. 317296). 
Height 159 cm., IVeight 56 kgm.. Surface elrca U5 51'. 

The patient worked in the chlorine plant, Edgcv.oo'l 
Arsenal, during the summer of 19-}]. On July IS, 19-11, 
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she accicleiit.illy inlialccl several breatlis of chlorine. She 
soon felt faint, short of breath on moderate exertion, be- 
came nauseated, vomited, and her throat felt sore. When 
she continued to feel “sick" the next daj' she was ad- 
mitted to the Station Hosi)ital, Hdgewood Arsenal. She 
was discharged after a few hours. The symptoms per- 
sisted for the next 3 months. 

She worked in the phosgene plant from January, 1942 
to January 22, 1944. 

During two weeks in December, 1943, she had several 
short exposures to phosgene which caused her to cough 
and vomit. 

The patient was admitted to the Station Hospital, Edge- 
wood Arsenal, on January 22, 1944, hours after she 
accidentally inhaled several breaths of phosgene which had 
escaped from leaking shells. 

The patient u'as coughing violently, was nauseated, 
vomited, and had a nasal and lachrymal discharge. 

She appeared ill. Respirations were 24 a minute, shal- 
low. There was no cyanosis, orthopnea or dyspnea. 
The lungs were clear throughout; the pulse 96 per min- 
ute, regular. The level of arterial pressure was 120/80. 

When discharged from the hospital after 5 days, Jan- 
uary 26, she complained of soreness over the left side of 
the anterior aspect of the chest, slight shortness of breath 
on moderate exertion, and a non-productive cough. The 
lungs were clear and there was no limitation of excursion 
of the chest. 

Roentgenograms of the lungs on admission and on the 
following day appeared normal. There was no leukocy- 
tosis, there was a moderate degree of normocytic anemia. 

SUBSEQUENT COURSE : The patient has been unable to 
work steadily even at light clerical work because of 
precordial pain not necessarily related to effort, shortness 
of breath on moderate exertion, cough, and nausea and 
vomiting after meals. 

She was observed in the hospital for 6J^ weeks in 
March and April, 1944 and in January, 1945 for 2 days. 

There have been no new physical findings. Roentgeno- 
grams of the gastrointestinal tract were normal. Electro- 
cardiograms were normal. The anemia improved. Urine 
examinations were normal. 

Treatment consisted of frequent massage to the legs 
and deep breathing exercises. 

PSYCHIATRIC SUMMARY : M. P. is a modestly endowed 
individual with a simple social background, few outside 
interests, and limited interpersonal contacts upon which 
she can lean for emotional support. She is a conscien- 
tious, well-meaning person, with a good work record from 
which she obtains some additional satisfaction by being 
able to contribute to the national effort during the war- 
time emergency. Though she has the usual multiple 
somatic complaints and anxiety-like manifestations seen 
in these patients, she seems earnestly interested in trying 
to overcome her difficulties and in making a better per- 
sonal adjustment. Emotionally she displays some insta- 
bility with mild depressive trends, and some tearfulness. 
Clinically, the description might be that of a reactive 
depression with hypochondriacal and anxiety features 
found in a modestly endowed, conscientious woman, who 


probably has some more or less definite physiological 
bases for her symptoms which arc, however, exaggerated 
by emotional factors; she has a strong tendency to flirt 
with a chronic invalid reaction with its potential gains. 
This attitude has been fostered to a certain c.xtcnt by the 
numerous repeated examinations that had to be done for 
research reasons, and was enhanced in a way by the con- 
tacts with other patients who under similar circumstances 
seemed sicker, more incapacitated, and consequently stand- 
ing a better chance for compensation, though it is doubtful 
if the patient was consciously aware of this aspect of 
her illness. 

rui-MONARv FUNCTION STUDIES : The vital capacity and 
the mid-capacity of the lungs arc within the normal range 
(Table VIA). 

The tidal air at rest is usually shallow, the respiratory 
rate is variable, and the minute volume, moderately high. 
The alveolar air carbon dioxide tension is generally 
slightly increased. During moderate exercise, the breath- 
ing becomes very rapid with onlv slight increase in tidal 
air (Table VIB). 

table VIA 


Subdivisio}is of lung volume 


1 

Ob- 

served 

volume 

Pre- 

dicted 

volume 

Observed 

Predicted 


ml. 

ml. 


Vital capacity (erect) 

3,200 

3,130 

102.0 

Mid-capacity (recumbent) 

2,000 

1,750 

114.0 


table VIB 


Respiratory pattern 


Date 

Experi- 

Resp. 

Tidal 

air 

Min. 

Alveolar air 

Expired air 

1944 

ment 

rate 

voK 

pOj 

pCOj 

0 . 

COj 

4/12 

0: 

24.0 

tnl. 

295 

i. 

7.07 

556.0 

37.1 

per 

cent 

Per 

cent 

2.01 

4/14 

O2 

17.0 

320 

5.41 

626.0 

47.2 


3.66 

4/17 

O2 

18.0 

282 

5.11 

581.0 

41.7 

— 

2.66 

4/21 

O2 

12.5 

375 

4.70 

622.0 

47.6 

— 

3.89 

Air 

11.0 

407 

4.45 

95.5 

47.6 

— 

4.25 


Exercise * 


Date 

1944 

State 

Work 

Resp. 

rate 

Tidal 

air 

Min. 

vol. 

5/6 

Resting 

jlAh. 
1 

Arfm.-m. 

20 

ml. 

300 

1 . 

6.0 

Exercise O'-l' 

2,000 

277 

45 

465 

20.9** 


Recovery l'-2' 

— 

— 

50 

312 

15.6 


Recovery 2'-3' 
Exercise O'-l' 

— 

— 

41 

300 

12.2 

5/6 

4,420 

612 

60 

340 

19.2** 

Recovery l'-2' 



50 

432 

21.6** 


Recovery 2'-3' 


! 

42 

370 

15.4 


* Bicycle ergometer. 
** Dyspnea. 
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TABLE VIC 

Arterial blood sltidies 


Date 1944 

Slate 

Oi content 

0: capacity 

Saturation 



roL f>er ctni 

roi. jier cent 

fier cent 

5/3 

1 

Resting 

16.7 

16.7 

1 

100.0 


Dale 

1945 

State 

Oxygen tension 

1 

Carbon dioxide 

1 tension 

1 

COs 

con- 

tent 

Sc- 

rum 

|pH 

1 

AIv, 

air 

1 

Art. blood 

1 

Alv. 

air 

[ Arterial 

1 blood 

Di- 

rect 

Cal- 

cu- 

lated 

1 



i 




vol. 





mrn. Hg 

mm. Hg 

per : 


1/9 1 

Resting 

10,1 

104 

45 

44 , 

47 

60.0 1 

7-JS 


Resting 

95 

96(92-99) 

- — 

— 


— 




Deep breathing 

toi 

99(94-104) 

40 


4S 

58.0 

7.36 


During oxygen breathing, the rate of dilution of alveolar 
nitrogen is stow. With shallow breathing, the observed 
nitrogen exceeds the predicted concentration especially at 
about 100 breaths. When the patient's breathing is slow 
and deep (5 per cent carbon dioxide added and voluntary 
control), the observed nitrogen concentration agrees 
closely with the predicted value. Apparently there are 
portions of the lungs which are poorly ventilated during 
shallow breathing but which react quite normally when 
depth is increased (Figures 6A, 6B). 

The oxygen saturation of arterial blood at rest is nor- 
nial. The arterial blood and alveolar air oxygen tension 
studies indicate that there is no disturbance in exchange 
of these gases in the lungs (Table VIC). 

The voluntary breathing capacity in the erect posture 
is normal. It is 68.8 liters or 92.3 per cent of the ex- 
pected value. Breath-holding time is normal. 

The response to passive change in posture is normal, 
he cardiac output is 1.36 liters per minute per square 
meter body surface area. This is a normal value. 

SUMMARY : The outstanding feature in this patient is 
tic shallow breathing accompanied by moderately im- 
paired intrapulmonary mixing of gases. This does not 
cad to anoxemia. Intrapulmonarj’ mixing of gases is 
not impaired when respirations are deepened. Kespira- 
orj function of the lungs is not impaired. 
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INTRODUCTION 

In contrast to the serious consequences of a 
single, heavy exposure to phosgene, distressing 
symptoms and disability are uncommon among 
workers repeatedly exposed to small amounts of 
phosgene over a period of years. Physical and 
roentgenographic examinations of such workers 
have revealed a relatively low incidence of disease 
of the lungs (1). There are no reports, as far as 
we are aware, of detailed studies of the function of 
the lungs in such individuals. 

EXPERIMENTAL 

Five workers, who had repeated e.xposures to small 
amounts of phosgene during the course of lift to 3Vz 
years, were studied with particular emphasis on pulmo- 
nary function and cardiovascular and psychiatric status. 
The methods employed have been previously described 
( 2 ). 

RESULTS 

Clinical summaries and data on pulmonary and 
cardiovascular function studies are presented in 
detail in the Appendix and summarized in Table I. 

DISCUSSION 

Most of the patients had experienced on several 
occasions transitory sjTnptoms from inhalation of 
phosgene. Over a period of several months, all 
of these patients developed cough, shortness of 
breath on exertion, and pain or tightness of the 
chest, in varying degrees of severitj'. Sputum 
""as scant}' and mucoid. Symptoms improved on 
removal of the worker from exposure for several 
weeks. 

Captain, JfC, A.U.S. 

Study carried out at the Johns Hopkins Hospital, 
a timore, Marjdand, under a contract with the OEMcmr 

^"4 a Medical Division. OC. CW^S, Work Project Speci- 
ncation. 


Two of the patients (cases 2 and 3) exhibited 
well-marked physical and roentgenographic evi- 
dence of emphysema of the lungs, which was con- 
firmed by an increased proportion of residual air, 
a definite impairment of intrapulmonary mixing 
of gases, prolonged pulmonary emptying of nitro- 
gen, a limited voluntary breathing capacity, and a 
discrepancy between the tension of oxygen in 
alveolar air and arterial blood. 

Anoxemia was not observed in these patients 
despite the well-marked ventilatory abnormalities. 

One of these patients (case 3) had a historj’^ of 
attacks suggestive of bronchial asthma, and it is 
impossible to evaluate the effect of the repeated 
exposures to phosgene. 

Two other patients (cases 1 and 4), who pre- 
sented no clinical evidence of disease of the lungs, 
showed abnormalities of lung volume and intra- 
pulmonary mixing of gases. Case 4 also had an 
arterial blood oxygen tension considerably below 
the alveolar air oxygen tension during exercise. 
These patients’ objective abnormalities are equally 
as severe as those found in the presence of clinical 
signs of emphysema (cases 2 and 3). 

One patient (case 5), whose chief complaint 
was shortness of breath on e.xertion, showed a 
reduction in voluntary breathing capacity with- 
out any clinical or other functional evidence of 
pulmonary disease. 

The pattern of breathing in three patients (cases 
2, 3, 4) was similar to that obseiwed after acute 
exposure to phosgene (2). The rapid, shallow 
breathing was present at rest and after exercise 
and was associated with a subnonnal extraction 
of o.xygen per volume of air breatlied. 

The patients were generall}' seen by the psy- 
chiatrist on only one or two occasions. They ap- 
peared to be stable and not unduly disturbed about 
their symptoms. One patient (case 4) was under 
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stress from a difficult situation at home, but this 
did not reflect itself in a tendency to exaggerate 
his symptoms. 

Psychological factors appear to be of little con- 
sequence in their symptoms. This is in contrast 
to the patients studied following acute exposure 
to phosgene (2). This difl'ercnce between the 
acutely attd chronically exposed jiatients may he 
related to the stability of these latter patients, 
the lack of an isolated severe traumatic episode, 
or the less disturbing character of their symptoms. 
The previous personality structure and sources of 
emotional support in the form of wholesome per- 
sonal contacts and secure environments seem to 
be significant factors. 

CONCLUSIONS 

1. Emphysema of the lungs may develop after 
chronic exposure to phosgene. 

2. The measurable disturbances of the lungs 
are more striking after chronic exposure to phos- 
gene than after recover}'' from a serious acute 
exposure. 

TABLE I 


Summary of clinical obscrvatio/is and data on 
studies performed 


Case Number* 

1 

2 

3 

4 

5 

Patient's initials 

W.L. 

C.E. 

T.C. 

A.L. 

I.H. 

Age 


32 

so 

24 

31 

26 

Montlis worked with phosgene 

42 1 

3fi 

30 

16 

30 

Chronic symptoms 

A 1 

A 

A 1 

A 

A 

Physical signs: Acute 

N 

N 

N 

N 

N 


Chronic 

N 

B 

A 

N 

N 

Roentgenogram of chest 

N 

A 

A 

N 

N 

Volume: vital capacity 

A 

N 

B 

N 

N 

Per cent residual air 

Total capacity 

A 

B 

A 

B 

N 

Intrapulmonary mixing of gases 

A 

A 

A 

A 

N 

Pulmonary emptying 

N 

B 

A 

A 

N 

Resting 1 

I High rate 

N 

A 

A 

A 

N 

pattern of J 

1 Low tidal air 

N 

A 

A 

B 

N 

breathing ' 

1 High min. volume 

N 

A 

A 

A 

N 

1 

1 Low Oi extraction 

N 

N 

B 

A 

N 

Exercise J 

fHigh rate 

N 

B 

B 

B 

N 

pattern of-s 

1 Low tidal air 

N 

B 

B 

B 

N 

breathing 1 

LLow Or extraction 

N 

N 

A 

A 

N 

fRest 

N 

A 

N 

N 

— 

Arterial blood**-< Exercise 

N 

N 

A 

A 

' 


L Oxygen 

N 

! 

■ 

N 

— 

Breath-holding 

N 

A 

' 

N 

Voluntary breathing capacity 

N 

A 

A 

N 

A 

Postural tests 

N 


N 

— 

— 

Cardiac output 

N 

A 

N 



A = Definitely abnormal. B = Borderline abnormal. 
N = Normal. — = Not done. 


* Listed in order studied. 

** Arterial blood oxygen and alveolar air oxygen and 
carbon dioxide tension studies at rest and after exercise 
were performed 4 to 8 months after all other studies -were 
completed. Symptoms, physical and _ roentgenographic 
findings were unchanged on re-examination of all available 
patients (all except 5) at that time. 


3. The symptoms of chronic exposure to phos- 
gene have not been disabling, in contrast to the 
frequent prolonged disability seen after acute 
exposure. 

Arrr.Nnix 

Clinical summaries and data on pulmonary and 
circulatory function studies. Case histories of pa- 
tients 1 through 5 are given below. The results 
of the pulmonary function studies are presented 
in Figures lA, IB, 1C through 5C and in Tables 
fA. IB tbrougb IVB and Table VA. The num- 
ber of each figure and table corresponds to the 
case number listed in Table I. 

Legend for figures on intra pulmonary ini.ving 
of gases. The data are presented in Figures IB 
through 5B and 1C through 5C. The method of 
presentation is the same as previously described 
( 2 ). 

Legend for figures on subdivisions of lung vol- 
ume [figures lA through 5A). Standards for 
comparison and manner of presentation are the 
same as described under methods (2). 

Legend for Tables lA through VA, VB, VC, 
are the same as for Tables lA through VIC of 
Appendix in previous report (2). 

Cose 1 (IV. L., Male, Age 32, Record No. 325055). 
Height 164 cm., Weight SO. 7 kgm., Surface Area 1.7S jlA 

The patient voluntarily entered the Johns Hopkins 
Hospital on June 26, 1944, for study of his pulmonary 
function. 

His past history is non-contributory. 

Since January 2, 1944, he has been working as a super- 
visor in gas warfare agent production plants of Edge- 
wood Arsenal. He has been supervising phosgene pro- 
duction most of the time. 

He experienced moderate conjunctivitis during the 
early part of 1941 and conjunctivitis and laryngitis in the 
fall of 1943 when he worked with mustard. 

From March 6 through March 9, 1941, he accidentally 
inhaled small amounts of phosgene on several different 
occasions. This caused a sense of constriction in the 
chest, dizziness, mental confusion, blurred vision, and 
severe headaches. 

On July 15, 1941, he experienced severe irritation of 
the throat from inhaling chlorine. 

He worked steadily in the phosgene plant from October, 
1943, until he entered the hospital on January 26,, 1944. 
During the 10 days prior to entering the hospital he 
experienced a sensation of tightness in the chest, slight 
shortness of breath on exertion, and nervous twitchings 
in different muscles which he ascribed to recent minor 
exposures to phosgene. 
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At tlic lime of Iiis admission to the iiospilal, no abnor- 
mal findings were noted on physical examination. 

A roentgenogram of tlic heart and lungs and an elec- 
trocardiogram were normal. The red blood count, level 
of hemoglobin, total and differential white blood counts, 
and urine were normal. 

When seen again in Jatntar}', IWS, approximately 6 
months after the initial observation, the patient was still 
working in the phosgene plant. There had been no pro- 
gression of symptoms. There were no new complaints or 
physical findings. 

PULMONAUv FUNCTION STUDiKS : Tlic vital Capacity is 
reduced below the lower limit of normal variation due 
primarily' to a low comjdcmcntary air. The residual air 
and the mid-capacity arc large and comprise abnormally 
high portions of the total lung volume. The ratio of 
complementary air to total capacity' is far below the 
limit of normal variation (Figure lA). 

The resting respiratory rate, tidal air, and minute vol- 
ume are normal. On exercise there is a marked increase 
in tidal air; respiratory rate does not change and the 
minute volume remains within the normal range. The 
oxygen extraction and carbon dioxide output per volume 
of air breathed at rest is normal, rises close to the upper 
limit of normal variation during exercise, and remains 
there during the 2 minutes immediately following exer- 
cise (Table lA). 

The lung nitrogen dilution rate is slow primarily be- 
cause of a large mid-capacity. Intrapulmonary mixing of 
gases is abnormal. Pulmonary emptying rate is normal 
(Figures IB, 1C). 

The arterial blood and alveolar air oxygen tension 
studies indicate that there is no disturbance in gaseous 
exchange in the lungs at rest and during exercise. There 
is no anoxemia (Table IB). 


TABLE lA 

Respiratory pattern resting 


Date 

1944 

Experi- 

ment 

Resp. 

rate 

Tidal 

air 

Min. 

vol. 

Alveolar air 

Expired air 

PO 2 

pC02 

02 

C02 








per 

per 








cent 

cent 

6/27 

Air 

16.5 

488 

8.07 

94.2 

43.1 

17.5 

2.80 


Oz 

14.0 

497 

7.67 

660.0 

42.0 

— 

2.70 

6/29 

Air 

13.0 

535 

7:03 

99.1 

41.4 

17.3 

3.30 


O 2 

14.5 

544 

7.89 

658.0 

45.3 

— 

2.70 

6/30 

O! 

12.5 

439 

5,45 

485.0 

45.3 

— 

— 


O 2 

13.5 

647 

8.74 

510.0 

36.7 


3.05 


Exercise * 


Date 

1944 

State 

1 

j Work 

Resp. 

rate 

Tidal 

air 

Min. 

vol. 

O 2 ex-| 
trac- 
tion 

CO 2 

out- 

put 








vol. 

voL 



fl.-lb. 

kgm.- 


7 nl. 

I. 

per 

per 








C€7\i 

cent 

6/29 

Resting 

— 

— 

13 

535 

7.0 

' 3.63 

3.27 


Exercise O-l'l 

— 

— 

12 

1,235 

14.8 

— 

— 


Recovery 

— 

— 

13 

1,355 

17.6 

1 7.63 

5.77 

i 

Recovery 2'-3' 



13 

1,254 

16.3 

1 6.03 

1 

5.47 


* Bicycle ergometer. 


TABLE in 

Arterial blood studies 


D.vtc 

1911 

State j 

1 

CO.- 

con- 

lent 

pit 

pCO: 

0, 
con- 
tent 1 

0; 

capa- 
city 1 

Satu- 

ration 



vol. 



rol. 

vol. 

per 



per rent 



per tent 

per cent 

cent 

6/30 

Room air 

.55.7 

7.30 

19 

19.8 

20.5 

\ 96.6 


O-tyRcn 

.55.1 

1 7.35 

53 

1 20.9 

1 20.5 

102.0 




Oxytten tension 

Carbon dioxide 
tension 



Date 

1915 

St.ilc 

Aly. 

Art. blood 

Aly. 

[ Artcrhl 
blood 

CO 2 

con- 

tent 

Sc- 

rum 

pH 



1 


1 1 

Di- 
1 rcct 

Calcu- 
lated j 




I 


mm. }}g 

mm. II 1 ; 

voL 

per 

cent 


I/I5 

Rc.'itinK 

102 

102(102-102) 

41 

— 

38 

57.3 

7.44 

1/16 

After c.rerci'c 
1 min. 

114 

110(108-113) 

45 

40 

43 

46.5 

7.28 


The voluntary breathing capacity in the erect posture is 
127.6 liters. This is 102.6 per cent of the predicted value. 
The duration of breath-holding is normal. 

The results of the tilt table studies are normal, except 
for a sustained tachycardia (100) in tlic erect posture. 
In the supine posture the pulse rate is 64 per minute. 
The cardiac output is 1.73 liters per minute per square 
meter body surface area. This is a normal value. 

SUM.MARv; There is impaired ventilatory function of 
the lungs as indicated by an absolute decrease in vital 
capacity, abnormally, high relative volumes of mid-capacity 
and residual air, slow dilution rate, and impaired intra- 
pulmonary mixing of gases. The respiratory function of 
the lungs is not impaired. 

These findings are consistent with pulmonary emphy- 
sema. 

Case 2 (C. E., Male, Age 50, Rceord No. 326252). 
Height 165 cm., Weight 77 kgm.. Surface Area 1.S3 M". 

The patient voluntarily entered the Johns Hopkins 
Hospital on July 9, 1944, for pulmonary function studies. 

His past history is non-contributory. 

The patient has worked as a machinist in the phosgene 
plant, Edgewood Arsenal, since May, 1941. He has had 
numerous minor exposures to phosgene. These are gen- 
erally followed by a sense of contriction in the throat, 
breathlessness, cough, nausea and vomiting of several 
minutes to hours duration. 

He has experienced increasing shortness of breath on 
moderate exertion for about years, since the middle 
of 1941, For about one year there has been frequent 
cough productive of yellowish, thick sputum, which occa- 
sionally tastes of phosgene and has an offensive odor. 

At the time of his admission to the hospital, no abnor- 
malities were noted on physical examination. 



RESIDUAL EFFECTS OF PHOSGENE POISONING. II 



^ SuBDmsioKs of Lukc Volume, 2B and 2C. Inteapulmonap.y Mixing of Gases — Tidal Aip. 

-1^537 ml. (generally 350 ml.), voluntarily deepened 410 ml. Dead Space: 153 ml. (Tidal Air below 350 ml.) 
203 ml. (Tidal Air above 350 ml.). 
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Tlic patient was without complaint except for an occa- 
sional cough and c.xpcctoration of small amounts of tena- 
cious, yellow, non-foul sputum. 

Pulmonary emphysema was suggested by the appear- 
ance of roentgenograms. The blood counts, urine, chemi- 
cal studies, and level of venous pressure were normal. 

When last seen in January, 1945, approximately 6 
months after the initial examination, there were no new 
complaints or progression of the symptoms prcviou.sly 
noted; i)hysical and laboratory findings were unchanged. 

rsvcniATRic sum.marv: C. E. seems to be a fairly 
sensible, stable fellow, who returns to the hospital at this 
time (January 16, 1945) for follow-up study. He has no 
particular complaint. From the psychiatric standpoint be 
presents no remarkable findings. His exposures, while 
repeated, seem to have not been very disabling from the 
pb 3 'sical or emotional standpoint. His attitude toward 
these experiments is quite reasonable, he seems to have 
been not unduly distressed by the incidents, his emotional 
reaction is quite appropriate, and his personal adjustment 
to these events, in general, is quite good. He has been 
able to work regularly, has been able to adjust bis life 
ver 3 ' well, and he seems happy. There seems to have 
been no serious personality deviation. 

TABLE HA 


Respiratory pattern resting 


Date 

1944 

Experi- 

ment 

Resp. 

rate 

Tidal 

air 

Min. 

vol. 

Alveolar air 

E.rpired air 

P02 

pCO: 

Oj 

CO: 




ml. 




per 

per 






cent 

cent 

7/10 

Air 

— 

358 




17.47 

2.83 

Oj 

25. 0 

349 

8.78 

— 

— 

— 

— 


02 

26.0 

448 

11.65 

621.0 

42.1 

— 

— 

7/11 

Air 

38.5 

508 

19.63 

— 

— 

— 

— 

02 

23.0 

400 

9.43 

— 

— 

— 

— 


02 

27.0 

356 

9.66 

— 

— 

— 

2.70 

7/12 

Air 

22.5 

379 

8.49 

109.2 

45.1 

17.66 

2.70 

02 

27.5 

330 

9.08 




— 

— 


02 

27.0 

342 

9.26 

— 

— 

— 

— 

7/13 

Air 

24.5 

344 

8.34 

77.4 

60.8 

— 

— 

02 

24.0 

367 

8.77 

644.0 

42.4 

— 

2.07 


02 

22.0 

269 

5.88 

493.0 

45.1 

— 

2.30 


02 

22.0 

361 

7.94 

649.0 

42.0 

— 

2.97 

7/14 

Air 

20.5 

393 

8.09 

91.2 

43.5 

17.60 

2.88 

02 

23.5 

353 

8.32 

620.0 

39.9 

— 

— 


02 

21.5 

381 

8.23 

— 

— 

— 

— 

7/lS 

02 

25.0 

361 

9.07 






Exercise * 


Date 

1944 

State 

Work 

Resp. 

rate 

Tidal 

air 

Min. 

vol. 

Oj ex- 
trac- 
tion 

COj 

out- 

put 



fl.-lb. 

kgm.-m. 


ml. 

1. 

vol. 

Per 

cent 

vol. 

per 

cent 

7/12 

Resting 

Exercise 

— 

— 

26.5 

305 

8.07 

4.23 

3.02 


O'-l' 

4.530 

627 


— 

21.20 

3.93 

3.16 


Recovery 

X'-2' 


— 

27.0 

879 

23.70 




Recovery 

2'-3' 

— 



29.0 

676 

19.60 




Recovery 

3'“4' 

— 

— 

26.0 

542 

14.10 




Recovery 

4'-5' 





17.60 

3.13 

3.43 


* Step test. 


TABLE nn 

Arterial blood studies 


Date 1914 

1 

State i 

Oj content 

Oi cap.acity 

S.aturation 

7/12 

Resting 

. 1 

vol, Pfr cent | 

17.4 

vol. per cent 

17.2 

per cent 
101.0 




Oxygen tension 

Carbon dioxide 
tension 



Date 

1945 

State 

AIv. 

Art. blood 

1 

Alv. 

Arterial 

blood 

COj 

con- 

tent 

Se- 

rum 

pi! 



air 

air 

Di- 

rect 

Cal- 

cu- 

lated 



1/17 

Resting 

no. 

mm, //c 

96(95-98) 

v 

37 i 

tm. /. 

39 

te 

37 

vol. 

per 

cent 

54.5 

! 

‘ 7.42 

1/18 

Resting 

108 

95(94-95) 

— 

— 

— 


: 

Resting 

115 

89(85-91) 

37 

39 

38 

54.2 

7.39 


After 

e.vcrcise 

1 1 min. 

120 

118(114-119) 

42 

34 

34 

44.1 

7.37 


5 min. 

115 

110(109-110) 

38 

— 

32 

38.3 

7.32 


PULMONARV FUNCTION STUPIES : The vital capacity is 
normal. The volume of residual air comprises a rela- 
tively high per cent of the total lung volume (Figure 2A). 

The respiratory rate during rest is rapid, tidal air is 
usually lower than normal, and minute volume is high. 
Breathing o.xygen docs not alter the pattern of respira- 
tion. During e.xcrcise the minute volume increases within 
the normal range primarily by a rise in tidal air. 

The carbon dioxide tension of alveolar air exceeds by 
far the normal, range of variation and cannot be accounted 
for by breath-holding prior to collection of the alveolar 
sample. It would appear to be a reflection of impaired 
intrapulmonary mixing. 

The o.xygen extraction and carbon dioxide output are 
normal at rest, during exercise, and during recovery from 
exercise (Table IIA). The ox 3 ’gen tension of arterial 
blood is significantly lower than that of the alveolar air 
at rest but not after strenuous exercise. There is no 
anoxemia (Table IIB). 

Voluntary breathing capacity in the erect posture is 
diminished. It is 80.6 liters or 73 per cent of the pre- 
dicted value. Breath-holding time is 24 seconds in room 
air and 36 seconds when breathing ox 3 'gen. 

The cardiac output is 0.81 liter per minute per square 
meter body surface area. This is an abnormally low 
value according to the standards used. 

summary: The volume of residual air relative to tlie 
total lung volume is high. Intrapulmonary mixing of 
gases is impaired. Respirations are rapid and shallow. 
Maximum breathing capacity and breath-holding time are 
low. The oxygen extraction per volume of air breathed 
is normal. The oxygen tension studies indicate an im- 
pairment in respiratory function of the lungs at rest. 
These results are consistent with pulmonary emphysema. 
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I'lc. 3A. Subdivision's of Lun'C Volume. 3B and 3C. Intrapulmonary Mixing or GAsr.s — Tidal Air: 219- 
•148 ml. (generally 32S ml.), voluntarily deepened 709-1066 ml. (generally 850 ml.) Dead Space; 203 ml. 
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TAtU.E niA 


Rcspiralary pallcrn 


D.itc 

1944 

Experi- 

ment 

Resp. 

rate 

Tidal 

air 

Min. 

VO I. 

Alveolar air 

Expired air 

pO: 

pCOj 

O: 

co» 








f:rr 

per 





1. 



cent 

rent 

7/17 

Air 

2^5 

342 

9.76 

02.4 

39.5 

1 7,75 

2.43 


Oi 

2I.S 

3S6 

7./3 

630.0 

45.2 




0* 

24.0 

317 

8.44 

613.0 

45.1 


— - 

7/18 

Os 

21.0 

390 

7.7S 

621.0 

49.2 

— 

— 

7/19 

Os 

22.0 

318 

7.05 

630.0 

53.1 




Exercise * 


Date 

1944 

State 

Work 

Resp. 

rate 

Tidal 

air 

Min. 

vol. 

Or ex- 
trac- 
tion 

CO. 

out- 

put 



fl.-Ib. 

fegnt.-rrs. 


ml. 

1. 

tot, 

per 

cent 

vol, 

fer 

eeftt 

7/21 

Re.stiriE 

— 

— 

20,5 

375 

7.69 

2.78 

2.51 

Resting 

Exercise 

O’-l’ 

— 

— 

26.5 

322 

8.53 

2.98 

2.37 


3,600 

498 

— 

— 

I3.20»^ 

3.22 

4.46 


Recoverj’ 

l'-2' 


— 

31.0 

781 

24,20 




Recovery 

2'-3' 

— 

— 

33.0 

734 

24.20 

3.93 

3.97 


Recovery 

3M' 

— 

— 

— — 


17.30 




Recovery 

4'-S' 





15.00 

2.88 

3.62 


* Step test. 

** Some expired air lost. 


Case 3 (r., C., Male, Age 24, Record No. 326SS0). 
Height 180 cm., IVcighl 61.1 kgm.. Surface Area 1.77 NR. 

The patient voluntarily entered the Johns Hopkins 
Hospital on July 16, 1944, for pulmonary function studies. 

He has suffered from asthma during June and October 
since childhood. Subcutaneous injections of adrenalin 
afford prompt relief. 

The patient worked in the chlorine plant during the 
winter of 1941 and had several minor exposures to chlo- 
rine. 

He has worked in the phosgene plant since early 1942 
and has at least on 6 occasions inhaled sufficient phosgene 
to cause him to experience immediate coughing, choking 
sensation, sweating, nausea and vomiting, and headache. 
He usually is fully recovered by the following day. He 
last inhaled phosgene in June, 1944, approximately 1 
month prior to admission to the hospital. 

Since 1942, the patient has experienced shortness of 
breath and dizziness on moderate exertion. 

At the time of his admission to the hospital, the only 
positive findings noted on physical examination were 
kyphosis of the thoracic vertebrae and a few sonorous 
rales over the base of each lung. 

A teleoroentgenogram showed voluminous, clear lungs, 
an emphysematous chest and a normal-sized heart. The 
red blood cell and total and differential white blood cell 
counts, level of hemoglobin, volume of packed red blood 
cells, and urine were normal. 

When last examined, in January, 1945, approximately 
6 months after the initial examination, the patient was 


still working in the pliosgenc pl.'iut. There were no new 
complaints or physical findings and the symptoms pre- 
sented on the first admission were still present. 

rsYciiiATiiic .smiMAKv: '1'. C. seems to be a stable, 
hard working, conscientious individual of average intelli- 
gence, who is in no acute distress at tlic present time, 
January 19, 1945. lie returns to the hospital fur follow- 
up study and more careful evaluation. Mis exposures, 
though repeated, were not very serious and he was able 
to take them in his stride without their being particularly 
distressing or seriously altering his personal functioning. 
He is a cpiitc mature man with a very sensible attitude 
toward his life's problems in general. Ilis emotional 
reaction and present personal adjustment fall well within 
the normal range, ami there seems to be little evidence 
that his personality structure or personal adjustment has 
been substantially influenced by his exposures at work. 

i>ui.M0.N’Auv lOTNCTioN STUoiKs ; The vital capacity is 
at the lower limit of normal jiredictcd values. The resid- 
ual air and mid-capacity volumes arc abnormally high. 
V'ital capacity and complementary air comprise an abnor- 
mally low iierccntage of the total lung volume and residual 
air and mid-capacity an abnormally high percentage (Fig- 
ure 3A). 

Respiration at rest when room air or oxygen is brcatiicd 
is rapid and shallow. The minute volume is high. Dur- 
ing exercise the rate of respiration increases moderately, 
tlic depth more than doubles, and the minute volume falls 
within the normal range (Table IIIA), 

Intrapuhnonary mixing of gases is impaired during 
quiet breathing when the dilution rate is slow and during 
voluntarily deepened breathing when the dilution rate is 
rapid. Pulmonary emptying rate is slow (Figures 3B, 
3C). 


TABLE IIIB 
Arterial blood studies 


Date 1944 

State 

Os content 

O. capacity 

Saturation 



rol. per cent 

rol. per cent 

per cent 

7/21 

Resting 

20.0 

1 21.1 

I 

95.3 




O.vj'gen tension 

Carbon dioxide 
tension 



Date 1 
1945 

State 

AIv. 

Art. blood 

Alv. 

Arterial 

blood 

CO. 

con- 

tent 

Se- 

rum 

pH 



air I 

1 

air 

Di- 

rect 

Calcu- 

lated 



1/19 

Resting 

99 

inm. Hg 

98(98-99) 

1 

45 

mm, 4 

44 1 

fig 

41 

vol. 

per 

cent 

58.8 

7.41 


Resting 

99 

103(102-107) 

— 

— ' 

— 

— 

■ 

1/20 

After exercise 
1 min. 

124 

104(102-105) 

39 

38 

39 

48.0 

7.34 


5 min. 

115 

103(102-107) 

39 

— 

36 

47.6 

7.38 


1 min. (less 
severe) 

1 

1 US 

109(108-110) 

43 

38 

_ 

_ 



3 min. (less 
severe) 

119 

114(113M1S) 

38 

43 


— 

— 



CONCENTRATION •/. 
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The oxygen extraction and the carbon dioxide output 
at rest per volume of air breatlied are at the lower range 
of normal. During exercise, the oxygen extraction per 
volume of air breathed is subnormal, but carbon dioxide 
concentration is normal. During the first 3 minutes of 
recovery from exercise, the oxj'gcn extraction rises to the 
normal range and during the fourth minute falls to its 
resting level. The carbon dioxide concentration is normal 
during the recovery period (Table III A). 

These findings are consistent with the results of the 
arterial blood and alveolar air oxygen and carbon dioxide 
tension studies (Table IIIB). At rest there is no dis- 
turbance in oxj'gcn transfer in the lungs. During strenu- 
ous exercise the alveolar air oxygen tension is approxi- 
mately 20 mm. Hg greater than that of the arterial blood. 
This suggests the presence of a large number of inade- 
quately circulated alveoli. Tlicrc is no anoxemia. 

The voluntary breathing capacity is only 63 per cent of 
the predicted value when measured in the erect posture. 
It measures 82.6 liters. The cardiac output is 1.62 liters 
per minute per square meter body surface area. This is 
a normal value. 

SUMMARY : Pulmonary ventilation is definitely impaired, 
as indicated by a low vital capacity and a high mid- 
capacity and residual air, abnormally low voluntary breath- 
ing capacity, impaired intrapulmonary mixing of gases, 
and slow pulmonary emptying rate. Respiratory function 
is adequate at rest and impaired during exercise. These 
findings are consistent with pulmonary emphysema. 

Case 4 {A. L., Male, Age 31, Record No. 309556). 
Height 173 cm., Weight 62.5 kgm., Surface Area 1.74 M'. 

The patient voluntarily entered the Johns Hopkins 
Hospital on August 9, 1944, for pulmonary function 
studies. 

The patient has worked in the Production Division, 
Edgewood Arsenal, since 1940. In July and November, 

1942, he accidentally inhaled chlorine and experienced 
tightness of the chest for a few days. 

In the spring of 1943 there was a recurrence of pain 
and tightness in the chest and an episode of bronchitis, 
laryngitis, and aphonia following inhalation of mustard 
vapor. 

He began to work in the phosgene plant in the fall of 

1943. In March and April, 1944, and during the summer 
of 1944, he had some minor exposures to phosgene which 
caused shortness of breath on moderate exertion and 
sticking pain in the chest. These symptoms along with 
ease of fatigue, anorexia, and occasional nausea were 
still present when the patient entered the hospital. 

In December, 1943, he was found by the Diagnostic 
Clinic of the Johns Hopkins Hospital to be suffering from 
chronic otitis media of the right ear, chronic tonsillitis 
and adenoiditis, and a somewhat inadequate personality 
makeup. 

The only positive findings noted on physical examina- 
tion when he entered the hospital for pulmonary function 
studies were perforation of the right ear drum and a few 
sonorous rales at the base of each lung. He expectorated 


one to two ounces of glairy, wiiilc. non-foul smelling 
.sputum a day. 

Roentgenograms of the lungs taken in March and 
April, 1944, and during observation in the hospital ex- 
hibited only an old obliteration of tlie left costophrenic 
angle. 

When last seen in Januarj', 1945, there were no new 
complaints or physical findings. The symptoms pre- 
viously noted were still present. 

r.svciiiATiMC summary: A. L. is a man who was seen 
in 1943. At this time (October 20, 1944) he has no new 
complaints. As far as coult! be determined there had 
been no definite exposure and certainly no recent one. 
His desire for medical examination is, it would seem, 
largely related to his underlying uneasiness and general 
apprehension. For tlic most part he more or less con- 
tinuously experiences .symptoms of nervousness and shaki- 
ness, along with numbness, coldness, and pain over the 
left side of his face; these symptoms appear to be epi- 
sodically exaggerated when he is under additional emo- 
tional stress. In a setting of difficult working conditions, 
an unresolved love affair with concern about marriage, 
the burden of taking care of an invalid father, and many 
other familj’ responsibilities, he has grown increasingly 
tense, anxious, and restless. He dislikes his working 
conditions, is frankly frightened a great deal of the time, 
and experiences considerable turmoil resulting from con- 
flict about not being in the armj'. It is interesting to 
note, though, that he apparently got some benefit from his 
previous interview and examination, following which he 
.seems to have settled down some and to have been able 
to continue with his work Clinically, his present condi- 
tion might be characterized as an anxiety state occurring 
in a somewhat ineffectual and inadequate personalitj', in a 
setting of emotional turmoil coincidental with his personal 
problems and situational stresses. While, at present, he 
seems to be making a neurotic adjustment, it is easily 
conceivable that his personality disorganization could 
progress to the point where it might well be thought of 
as a more frankly schizophrenic disorder. 

PULMONARY FUNCTION STUDIES : Vital Capacity is nor- 
mal. The ratio of residual air and of mid-capacity to total 
capacity is in the upper range of normal (Figure 4A). 

The respiratory rate at rest is rapid, the tidal air is 
at the lower limit of normal, and the minute volume is 
high. The alveolar air oxygen and carbon dioxide ten- 
sions are normal. During the exercise step test the 
minute volume of respiration increases within normal 
limits primarily due to a rise in tidal air (Table IVA). 

The oxygen extraction ^ per volume of ventilation at 
rest and during exercise is abnormally low. The carbon 
dioxide output at rest is low and during exercise and re- 
covery is at the lower limits of normal. There is no 
deficiency in the oxygen uptake and the carbon dioxide 
output per minute because of the large minute volume 
of respiration (Table IVA). 

The dilution rate is slow and mixing is abnormal. 
Impaired mixing persists even when the dilution rate is 
increased by voluntary deep breathing. The pulmonary 
emptying rate is abnormally slow (Figures 4B, 4C). 
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Fig. 5.\. Subdivision's of Lung Volume. SB and 5C. Intsapulmonary Mixing of Gases — ^Tidal .Air: 233- 

6/0 ml. (generally 525 ml.). Dead Space: 245 ml. 
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TABLE IVA 


Respiratory pattern resting 


Date 

1944 

Experi- 

ment 

Resp. 

rate 

Tidal 

air 

Min. 

vol. 

Alveolar air 

Expired air. 

pOj 

pCOa 

O; 

COj 




trd 

1 

*• 



t>er 

per 








cent 

cent 

7/31 

Air 

25.5 

424 

10.80 

90.5 

39.6 

17.8 

2.30 


Oi 

23.5 

406 

9.50 

625.0 

41.8 


— 


Oj 

26 

383 

10.07 

623.0 

35.0 

— 

— 

8/1 

Oj 


— 

11.41 

596.0 

38.1 



8/2 

Air 

27 

488 

13.14 

91.0 

36.0 

18.5 

2.39 


Exercise * 


Date 

1944 

State 

Work 

Resp. 

rate 

T/dal 

nir 

Min. 

vol. 

Oj ex- 
trac- 
tion 

COj 

out- 

put 



ft. -lb. 

kem.-m. 


ml. 

i. 

rot. 

per 

cent 

rot. 

per 

cent 

8/5 

Resting 

— 

— 

20 

633 

12.66 

2.43 

2.10 

Exercise 

O'-l' 

3,670 

509 

— 

““ 

24.80 

3.13 

2.80 


Recovery 

l'-2' 

1 

— 

24 

985 

23.60 




Recovery 

2'-3' 

— 

— 

25 

808 

20.30 

2.93 

3.08 


Recovery, 

3'-4' 


— 

29 

594 

17.20 

— 

*■“ 


Recovery 

4'-S' 





11.00 

2.31 

2.58 


* Step test. 


The oxygen tensions of alveolar and of arterial blood 
are low during rest but not sufficient to cause anoxemia. 
During strenuous exercise, the tension studies suggest the 
presence of many poorly circulated alveoli since the oxy- 
gen tension of the alveolar air (5 minutes after exercise) 
is 13 mm. Hg greater than that of the arterial blood 
(Table IVB). 

The voluntary breathing capacity is 110.0 liters or 89.9 
per cent of the predicted volume in the erect posture. 
Breath-holding time is normal. The cardiac output is 
1.62 liters per square meter body surface area. This is 
a normal value. 


TABLE IVB 
Arterial blood studies 




Oxygen tension 

1 Carbon dioxide 
tension 



Date 

1945 

State 

Alv. 

i 

Art. blood 

Alv. 

Arterial 

blood 

COj 

con- 

tent 

Se- 

rum 

pH 



i air 

air 





1/23 

Resting 

80 

mm. Hg 

79(74-83) 

1 

41 

wm. 1 

36 

ig 

41 

vol. 

per 

cent 

56.8 

7.40 

Resting 

83 

83(81-85) 

— 1 

— 

— 

— 

— 

1/24 

After exercise; 
1 min.* 

93 

99(98-100) 

52 

41 

43 

51.2 

7.30 


5 min. 

118 

105(103-107) 

35 

31 

32 

45.5 

7.41 


* Held breath before delivered alveolar air sample. 
Note high alveolar air pCOj. 


su.MMARY : The residual air and mid-capacity arc large 
in relation to the total capacity. Intrapulmonary mixing 
of gases is impaired and pulmonary emptying rate is slow. 
Voluntary brc.athing capacity is not reduced. Respiratory 
function is adequate at rest and impaired during exercise. 
These findings arc consistent with pulmonary emphysema. 

Case 5 (7. 77., Male, Age 26, Record No. 330150). 
Height 170 cm., IVcighl 79.2 kgm.. Surface Area 1.90 M'. 

The patient voluntarily entered the Johns Hopkins 
Hospital on August 20, 19-1-1, for pulmonary' function tests. 

He worked in the phosgene plant from Januar}’, 1942 
to February, 1943, in the chlorine plant from February, 
1943 to November, 1943, and again in the phosgene plant 
from November, 1943, until admission to the hospital. 

He has had a few minor exposures to phosgene which 
caused burning and watering of the eyes, cough, tightness 
in the chest, and headache. These symptoms have not at 
any time been disabling. 

The patient has noticed moderate shortness of breath on 
exertion, tightness in the chest, and occasional attacks of 
coughing since the fall of 1943. 

At the time of his admission to the hospital no abnor- 
malities were noted on physical examination. 

A roentgenogram of the lungs and heart appeared nor- 
mal. There was no anemia. The total and differential 
white blood counts and urine were normal. 

Shortly after discharge from the hospital the patient 
joined tlic Navy. 

PULMONARV FUNCTION STUDIES : Thc relationship among 
the components of the total lung volume is normal (Fig- 
ure 5A). Thc rate of breathing, tidal air, and minute 

TABLE VA 


Respiratory pattern resting 


Date 

1944 

Experi- 

ment 

RespJ 

rate 

Tidal 
air 1 

1 

1 

Min. ^ 
voi. 

Alveolar air 

Expired air 

pOj 

pCOj 

Oi 

COj 








per 

per 




ml. 

1. 



cent 

cent 

8/21 

O. 

14 

552 

7.73 

669.0 

37.8 



_ 


Oi 

16 

541 

8.74 

1 







Air 

15 

502 

7.45 

95.1 

33.7 

16.93 

2.68 

8/23 

Air 

13 

562 

7.36 

92.6 

43.6 

16.80 

3.62 


Air 

13 

564 

7.47 

79.2 

42.2 

16.24 

3.75 


Oj 

15.5 

528 

j 

8.25 


1 

— 

— 


Exercise * 


Date 

1944 

State 

j Work 

Resp. 

rate 

Tidal 

air 

Min. 

vol. 

Oj e-x- 
trac- 
tion 

COi 

out- 

put 



ft.-ib! 

1 

kgm.-m. 


ml. 

I. 

vol. 

per 

cent 

vol. 

per 

cent 

8/24 

Resting 

— 

— 

9 

1,030 

9.3 

4.08 

2.75 


Resting 

— 

— 

9 

982 

8.9 

4.78 

3.86 


Exercise 

O'-l' 

4,670 

646 


— 

29.9 

4.75 

j 

3.95 


Recovery 

l'-4' 

— 

— 

— 

— 

17.9 

4.33 

4.68 


Recovery 

4'-5' 

1 

i 



11.7 

3.59 

4.00 


* Step test. 
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voiutne are within the normal range. Alveolar and ex- 
I pired air are normal in composition. With exercise there 
is an increase in the percentage carbon dioxide output and 
the oxygen extraction, as well as a normal rise in minute 
volume of respiration (Table VA). The nitrogen dilu- 
tion rate is normal and there is no disturbance of intra- 
pulmonary mixing of gases (Figures SB, SC) . 

Voluntary breathing capacity in the erect posture is 
abnormally low. It is 104.2 liters or 75.2 per cent of 
the predicted. volume. Breath-holding time is normal. 

summary: Pulmonary function is normal except for 
a reduction in voluntary breathing capacity. 
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INTRODUCTION 

It is common knowledge that the urinary cal- 
cium may be markedly altered from normal in 
many diseases affecting calcium metabolism. The 
normal range of urinary calcium is very wide, and 
its limits have never been determined ; .hence, use 
of the amount of urinary calcium for diagnostic 
purposes is limited to those patients whose uri- 
nary calcium is extravagantly far from values 
commonly observed. It is difficult to compare the 
studies of one investigator made under a given set 
of dietary conditions with those of another inves- 
tigator, using a somewhat different regimen. 
Some attempts to circumvent this difficulty have 
been made, particularly through drastic limita- 
tion of the calcium intake. The effect of the sex 
and size of the subject on the urinary calcium 
still remains in doubt. 

When the person studied is still in the period 
of growth, the decision as to whether a given 
urinary calcium value is normal or abnormal be- 
comes even more difficult. Definite demarcation 
of the normal range for urine calcium at all ages 
and intake levels should serve as a useful aid both 
in diagnosis and in the study of the intermediary 
metabolism of calcium. 

THE EFFECT OF AGE, SEX, AND CALCIUM INTAKE 
ON URINARY CALCIUM EXCRETION BY 
NORMAL PERSONS 

Sources oj data 

Even a cursory examination of data on urinary 
excretion of calcium discloses the wide variability 
of this component among normal individuals un- 
der the same conditions of ^tudy. To cite but one 

1 This paper is condensed from a part of the disserta- 
tion submitted by Elizabeth L. Knapp in partial fulfill- 
ment of the requirements for the degree of Doctor of 
Philosophy, in the Department of Chemistry in the Grad- 
uate College of the State University of Iowa. The re- 
search was carried out in the Department of Pediatrics 
under the supervision of Dr. Genevieve Stearns. 


example, eight normal girls, II to 14 years old, 
ingested identical diets containing 1.27 grams of 
calcium daily; the output of calcium in the urine 
varied from 25 to 217 mgm. a day. With such 
a wide range of excretion among individuals of 
the same se.x and of limited age range, under iden- 
tical dietary conditions, it is obviously necessary 
to use large numbers of data in order to obtain 
valid conclusions as to possible relationships be- 
tween the level of e.xcretion of calcium in urine 
and other factors, such as calcium intake and age, 
se.x, and skeletal size of the subject. 

During the course of several years of study of 
calcium metabolism during growth, a considerable 
mass of data on urinary e.xcretion of normal in- 
fants, children, and adults has been accumulated 
in this laboratory, much of which as yet is un- 
published. Many of these subjects were studied 
at more than one level of calcium intake. To the 
findings from this laboratory were added data 
from studies of normal children and adults re- 
ported in the literature (1-44). The recently 
reported studies of college women (19, 26) af- 
forded the largest contribution of data from this 
latter source. All studies of patients ill or con- 
valescing from any disease whatsoever were ex- 
cluded. Excluded also were studies in which the 
dietary regimen differed in any notable degree 
from the customary, also those in which the diets 
were markedly acid in ash. However, it was not 
possible, for obvious reasons, to exclude all fac- 
tors known or supposed to influence urinary cal- 
cium. Milk was the major source of calcium in 
all diets except those containing less than 0.3 
gram of calcium daily. The total calcium intake 
was accurately known for all subjects ; all figures 
for calcium intake were obtained by chemical 
analysis of the diet. Likewise the fecal excretion 
and retention of calcium were known for 95 per 
cent of all subjects. Since the emphasis of the 
present study is on the excretion of calcium in the 
urine, and because of limitations of space, com- 
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TABLE I 

Number and age distribution of subjects. 
Number of studies 


Age 

This laboratorj' 

Literature 

Total 

No. 

subjects 

No. 

studies 

No. 

subjects 

No. 

studies 

No. 

subjects 

No. 

studies 

Infants 







under 1 yr. 

95 

880 



95 

880 

Children 







1-9 yrs. 

58 

112 

41 

51 

99 

163 

Children 

1 



1 

i 


10-16 yrs. 

43 

104 

57 

59 

100 

163 

Adults 







17-80 yrs. 

15 

28 

224 

260 

239 

288 

Total 

211 

1,124 

322 

370 

533 

1,494 


plete data are not included, although they are 
available.^ A study of the total excretion of 
calcium of a large number of the subjects in- 
cluded in this analysis has been reported in con- 
nection ^Yith other studies (19). The relative 
numbers and age distribution of the subjects 
studied are summarized in Table I. 

McCrudden’s method (45), or slight modifica- 
tions thereof, has been used for the determination 
of urinary calcium in most of the studies used as 
source of material; therefore no serious error is 
introduced by combining the results from the 
separate studies. 

" It is obviously impossible to include tabulations of the 
entire mass of data used for this study. These data are 
available to the investigator in the form of the thesis 

Studies on Urinary Excretion of Calcium,” by Elizabeth 
Knapp (1943), which is on file in the library of the 
State University of Iowa. 


Urinary calcium excretion of individuals from 1 
to 80 years of age 

The crude relationships between the urinar}- 
calcium excretion, age, and calcium intake of the 
subject are shown in Table 11 and Figure 1. 
Table II gives a suramar}' of the number of sub- 
jects, the mean values, and the standard devia- 
tions for urinaiy- calcium excretion for each 5 
years of age for all data from normal individuals 
from 1 to 80 years of age. In Figure 1 the mean 
values for four dail}' intake levels have been 
plotted and smoothed curt'es drawn through these 
points. It is evident that, although the standard 
deviation is alwa5’'s high, the mean urinary cal- 
cium excretion tends to increase both with age 
and with intake. At any given age the mean 
urinary calcium increases with the intake of cal- 
cium. In adults the amount of increase in urinar}’’ 
calcium with increase in intake appears to be 
greater than in children; hence, the spread of 
values becomes greater with increasing age. 

The statistical validity of these assumptions was 
checked by analysis of several groups of data. 
For a study of the relationship of urinary calcium 
to calcium intake, it was necessar}' to limit the 
data to those studies wherein a given subject was 
observed with tivo or more levels of intake; each 
subject thus served as his own control. The data 
from 62 subjects studied in this laboratory were 
chosen for analysis and are summarized in Table 
III. Three groups, consisting of 42 boys under 
12 years of age, 13 women, and 7 men, respec- 
tively, were studied at two widely differing levels 


TABLE II 


Summary of urinary calcium data according to calcium intake and age of subjects 


IBh 

Ko. 

subj. 

Urine Ca 


Urine Ca 


Urine Ca 


Urine Ca 

■H 

UrL-.e Ca 




No. 



No. 



No. 








subj. 

Mean 

S.D. 

subj. 

Mean 

S.D. 

subj. 

Mean 

S.D. 

subj. 

Mean 

S.D. 


HU 



0-0.299 

















0.3-0.699 

0.7-0.999 

1.0-1-399 


1.4 -f 


start 

1-4 

5-9 

10-14 
15-19 
20-24 
25-29 
oO— 3-j 
35-39 
■5(M4 
and over 


wjm. daily 


mzm. dcSty 





daily 


daily 


28 


13 

41 

13 

34 


23 

42 

53 

31 

6 

62 

41 

8 

21 

11 

71 

44 

31 


39 

42 

96 

43 

19 

104 

59 

15 

76 

41 

18 

80 

46 

19 

94 

49 

48 

98 

55 

59 

117 

67 

3 

87 


17 

145 

53 

14 

178 

SO 

25 

178 

71 

11 

237 

65 

36 

100 

48 

57 

118 

57 

34 

167 

68 

31 

181 

63 

12 

231 

53 

13 

6 

6 

2 

5 

107 

121 

142 

137 

147 

39 

45 

89 

22 

6 

5 

2 

3 

143 

182 

192 

175 

196 


5 

167 

94 




9 

318 

52 
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Fig. 1. The Relationship Between Ukinary Calcium and Ace of the 
Subject, at Different Levels of Calcium Intake 


of intake each. Analysis showed “t” ^ to be 4.01, 
5.9, and 4.6 respectively, highly significant in- 
creases in urine calcium with large increases in 
calcium intake. 

Figure 1 also indicates that, with the daily cal- 
cium intake constant, the mean urinary calcium 
excretion increases with age throughout the period 
of growth. To determine if these differences in 

s If the calculated value of "t” could occur by chance 
only once in 100 times, the difference is said to be “sig- 
nificant at the 1 per cent level,” or highly significant; 
and if such a value could occur by chance only once in 
20 times, the difference is said to be “significant at the 
S per cent level.” In other words, when the values for 
significance are between 1 per cent and 5 per cent, there 
is a high probability that the differences in the means can- 
not be accounted for by variations due to sampling ; or, as 
commonly expressed, the means are significantly different. 
Calculations of “t” were made when only 2 means were 
being compared, and calculations “F” when more than 2 
means were compared. The standards for significance 
are the same for both values (75). 


urinary calcium excretion at different ages were 
significant, the data from a group of 64 boys stud- 
ied in this laboratory and ranging in age from 1 
to 12 years were analyzed (Table IV). The age 

table III 

Statistical summary of data showing range and mean 
urinary calcium excretion with changes 
in age or in calcium intake 


Subjects 

Number 

Age 

range 

Intake 

mean 

1 

Urine 

mean 

Calcium 

range 

Signifi- 
cance of 
differ- 
ences* 

Boys 

42 

1 

years 

1-12 

grams 

per 

day 

0.554 

1.446 

7ngm» 

Per 

day 

56 

81 

7-224 

10-260 

+ 

Women 

13 

14-35 

0.387 

1.983 

96 

158 

55-188 

80-239 

+ 

Men 

7 

20-25 

0.226 

2.339 

131 

229 

! 81-188 
130-287 

+ 


*-{-=' Significant at 1 per cent level. 
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TABLE iV 


Mean urinary calcium values of 64 boys from 1 lo 12 years 
of age and of 23 college women. All received 
one quart of milk daily 



Age 

Number 
of sub- 
jects 

Calcium intake 

Urinary calcium 

Mean 

Mean 


years 


1 

' crams tier day 

mem. per day 

Boys 

1 

10 

1.272 

28 

2 

7 

1.267 

62 


i 3 

i 7 

1.300 

53 


4 

6 ' 

1.382 

79 


5 

7 : 

1.413 

85 


6 

5 

1.397 

93 


7-8 

6 

1.559 

115 


9 

5 

1.574 

135 


10-11 

11 

1.451 

111 

Women 

17-25 

23 

1.378 

210 


range chosen covers the inten^al of most rapid in- 
crease of urinary calcium with age as shown in 
Figure 1. All boys were receiving 1 quart oT 
milk daily in addition to the basal diet ; therefore, 
the daily calcium intake was very nearly constant 
for all subjects. The number of subjects, the 
mean daily calcium intake, and urinary calcium 
for each year of age are shown in Table IV. It 
is obvious that although the mean calcium intake 
varies only about 20 to 25 per cent from 1 year 
to adulthood, the mean urinary calcium in- 
creases almost 10-fold during the same period. A 
value for "F" of 4.31 was obtained, which exceeds 
the value required for 1 per cent significance. 

The mean urinary calcium for the 10- to 11- 
year old boys (Table IV) was compared with that 
of 23 college women receiving a- similar intake 
(19, 26), The value of “t” was 3.94, showing 
that these differences also are highly significant. 

It appears probable that the important factor 
during growth is the increase in skeletal weight of 


TABLE v 

Urinary calcium per kgm. in relation lo calcium 
intake per kgm. 


Intake 

A-se 

range 

Urinary Ca 

Minimum 

Maximum 

Mean 

^5 

5-10 

10-25 

2S-S0 

50-75 

“S-h 

5'rsrj 

8-SQ 

4-SO 

1-75 

1-35 

1-IS 

1-11 

m[r 

0.4 

0.2 

0.6 

0.5 

0.9 

0.9 

I. per tgm. per 

4.7 

4.6 

8.3 

9.3 
10.0 
11.4 

day 

1.94 

2.03 

3.30 

3.37 


the child. In this country, skeletal weight remains 
approximately constant at 20 per cent- of the total 
weight throughout life (Scammon) though the 
relative calcium content of the skeleton increases 
during growth. To test whether body weight, as 
a measure of skeletal weight, is the factor respon- 
sible for the change in urine calcium with age, 
calcium intake and urinary calcium per kgm. of 
body weight ivere calculated for all subjects for 
whom weights were available (606 studies). The 
available data were classified into 6 intake ranges 
and the mean, maximum, and minimum urinary 
calcium determined for each range (Table V). 
The range and mean urinary calcium values for 
groups 0 to 5 mgm. per kgm. and 5 to 10 mgm, 
per kgm. intake were so similar (Table V) that 
these two groups were combined, permitting a 
study of 148 values, representing an age range of 
4 to 80 j’ears. The mean values for urinary cal- 
cium for each 5 years of age within these groups 
are shown in Figure 2, compared with the mean 
excretion for all groups. NoUvithstanding the 
wide range of values, the means for each age were 
not significantly different from the mean for the 
group (“F” = 1.53). A similar analysis of the 
possible effect of sex on excretion of urinary 
calcium by 67 men and 128 women showed that 
the differences, although significant, again were 
due to differences in weight of the subjects. 


>- 

<t 

o 


z 

< 

ui 

£ 



10 20 30 ^>0 

AGE OF SUBJECT IH YEARS 


60 


Fic. 2. The Lack or RELAno.vsHir Betwee.v Uri- 
KARy Calcium, Expressed ik mgm. per kom. Daily, 
AND Ace or Subject 

For this figure al! data were used wherein the calcium 
intake was under 10 mgm. per k'gm. as the range and 
mean urinarj- calcium values for groups with mtaV:cs 0-S 
tngm. per kgm. and 5-10 mgm. per kgm. were almost 
identical (Table V). The line represents mean tirinarj* 
calcium for all ages. Numbers above the cots show tl-.e 
number of subjects in each age group. 
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Skeletal weight or quantity of bone, as repre- 
sented by total body weight, is thus the factor 
responsible for ditferences in urinary calcium ex- 
cretion with increasing age and with sex. The 
relative importance of weight among the various 
factors affecting urinary calcium was studied by 
determination of the correlation coefficient, "r,” 
between weight and urine calcium. For 45 boys 

10 to 14 years old whose calcium intake was 1.0 
to 1.399 grams daily, the value of "r” was 0.149; 
for 41 boys 10 to 14 years old with calcium in- 
takes between 1.4 and 2.0 grams daily, “r" was 
0.302. The figures required for 5 per cent sig- 
nificance are 0.288 and 0.304 respectively. These 
data tend to confirm the findings of Wang, et al. 
(43) who found no significant correlation between 
weight and urinary output of calcium for 23 girls, 

11 to 15 years old. Thus, while urinary calcium 
increases significantl}^ with increase in weight of 
the individual, no direct correlation can be ob- 
served between the two. Such a conclusion is to 
be expected if the skeletal weight is the true 
factor concerned. Differences in total weight due 
to differences in fat content of the body would not 
influence urinary calcium. 

In studies of normal adults, McCance (23) 
found that the amounts of calcium in the urine 
varied directly with the amount of calcium ab- 
sorbed and considered that “changes in the uri- 
nary excretion of calcium may be used as an index 
of changes in the amount of calcium absorbed.” 
Examination of the entire group of data from this 
laboratory shows that in children, at least, urinary 
calcium level bears no relationship whatever either 
to calcium absorption or retention. A few illus- 
trative examples of this lack of relationship are 
shown in Table VI. Apparently during the pe- 
riod of calcium storage, urinary calcium does not 
reflect the amount of calcium absorption. When 
storage is complete, increased urinary excretion 
of calcium would be expected with increased ab- 
sorption of this element. 

Of the factors thus far considered to affect 
urinary calcium, two only have been shown to be 
significant, calcium intake and the weight of the 
individual. The wide range of values obtained for 
individuals of the same weight and calcium intake 
shows that some other factor or factors peculiar to 
the individual are of major importance in deter- 


TADLE vr 

Lack oj rchliouship between calcium absorption and 
urinary excretion of calcium by chilarcn 


Name 

Arc 

Calcium 

1 

Name 

Arc 

Calcium 

In- 

take 

Absorp- 

tion 

Urine 

In- 

take 

Absorp- 
1 tion 

Urine 


years 

1 mum. daily 1 


years 

1 mjfm, dai 

ly 

R.H. 

1 

791 

78 

32 

G.M, 

2 

1431 

209 

28* 



791 

143 

27 



U31 

32S , 

27 

D.D. 

1 

r.9S 

138 

22 

C.C. 

7 

1473 

189 

74 



69S 

281 

27 



1473 

320 

75* 

L.R. 

1 

1.0 IS 

178 

41 

J.D. 

7 

1,635 

702 

46* 



1,010 

340 

37 


1,635 

422 

47* 

F.S. 

2 

1.048 

341 

128 

D.Br. 

8 

1.6-11 

388 

192 



I.06S 

371 

161 



1.675 

715 

50* 

R.B. 

4 

702 

87 

75 

P.E. 

8 

1.56-1 

4a4 

248 



702 

181 

71 



1,635 

827 

148* 

J.H. j 

4 

OSS 

68 

63 

P.E. 

8 

796 

286 

101 



704 

224 

53 



865 

303 

230* 

E.S. i 

S 

781 

88 

131 

P.Ba. 

10 

1,603 

531 

155* 



781 

23S 

129 



1.500 

502 

129* 

M.D. 

7 

1.090 

142 

50 

E.S. 

12 

1.276 

117 

34 



1.090 

252 

53 



1.680 

348 

25* 

J.A. 

9 

809 

305 

94 

V.II. 

14 

1.262 

119 

26 


801 

285 

168 



1,680 

265 

36* 

M.K. 

9 

1.617 

367 

245 






i 


1.429 

562 

73 


1 





* 350 I.U. of vitamin D given daily. 


mining the amount of calcium excreted in the 
urine. In an attempt to find a measure for these 
unknown factors, presumably endocrine, the urine 
calcium values were calculated as per cent of in- 
take. The proportion of calcium intake excreted 
in the urine of a given person is not constant at 
all intake levels but is highest when the intake is 
low, rapidly decreasing as the intake is increased. 
The percentage of any given intake excreted in 
the urine varied widely among individuals, but all 
showed a decreasing percentage excreted as the 
intake increased. The urine calcium values calcu- 
lated as per cent of calcium intake were then 
plotted against the calcium intake per kgm. of 
body weight. By using the per kgm. intake, the 
weight factor was eliminated and the intake factor 
retained. The data so compared showed a definite 
pattern of excretion, the percentage of intake ex- 
creted in the urine decreasing at a decreasing rate 
as the intake rose. 

Figure 3 shows the data from 606 studies of 
persons 1 to 80 years old (2-44, 46, 47). The 
urine calcium as per cent of intake is plotted 
against the intake per kgm. body weight, using 
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Calcium Intoke mg per kg doily 

Fig. 3. The Relationship Between Urinary Calctum Expressed as Per Cent 
OF Intake, and the Calcium Intake in mcm. per kgm. Daily 
Logarithmic scales are used for both ordinate and abscissa. Mean, maximum, 
and minimum normal values are plotted in preference to mean and standard devia- 
tion curves. The data include 606 studies from subjects from 1 to 80 years of 
age (2-44. 46, 47). 


a log-log scale. So plotted, it is obvious that 
urine Ca X 100 . 

intake"^ — exponential function of the 

per kgm. intake. The formulas for maximum, 
mean, and minimum values are 

maximum M = 365 7-5“^ 
mean y = 158.9 7'-®'’= 
minimum m = 34.1 7-®” 

7 being the intake per kgm. of body weight. The 
pertinent data for maximum, minimum, and mean 
Imes of Figure 3 are given in Table ^TI. In 


preference to standard deviation, maximum and 
minimum normal values were chosen as being 
more useful in diagnosis of disease. 

Examination of Figure 3 shows that the urinary’ 
calcium may normally be greater than the intake 
when the intake is less than 5 mgm. per kgm. 
With an intake of only 2 mgm. calcium per kgm., 
a urine calcium greater than 100 per cent of the 
intake may not be abnormal, whereas with an 
intake of 50 mgm. per kgm., the maximum normal 
excretion is 16 per cent of the intake. 
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TABLE VII 


Urinary calcium as per cent of intake in relation to 
calcium intake per kilogram of body weight 


Calcium 

intake 

Urine Ca as per cent intake 

Minimum 

Mean 

Maximum 

mjim. per A'jm. 
prr day 

Per cent 

Per cent 

per cent 

2 

19.1 

91,1 

210 

5 

8.9 

43.7 

101 

10 

5.0 

25.1 

58 

15 

3.6 

18.1 

42 

20 

2.8 

14.4 

33 

30 

2.0 

10.4 

24 

50 

1.3 

6.9 

16 

75 

0.9 

5.0 

12 

(100)* 

(0.7) 

(4.0) 

(9) 


* Extrapolated value. 


It seems probable that the position of urine 
calcium values of any individual person relative to 
the mean, as shown on Figure 3, will depend on 
the endocrine balance of the person. If this is 


true, the values for any one individual should 
maintain the same position relative to the mean at 
all levels of intake. Also, if age per sc is not a 
factor, it is expected that the normal range and 
the mean values should be the same for all ages 
studied. The validity of these assumptions is 
shown by Figures 4 to 6. In these figures, indi- 
vidual data arc plotted as in Figure 3. When 
several intake levels of calcium have been studied 
in one individual these values arc connected by 
Urine Ca X 100 


dotted lines. 


of each individual 


Intake Ca 

tends to maintain a constant position relative to 
the mean at all levels of intake. For each group, 
the values tend to be distributed about the mean 
in a manner similar to that of the entire group. 
The only exceptions to this rule are the values for 
children 1 to 2 years of age, which tend to lie 
almost wholly below the normal mean, though 



Calcium Intake mg per kg daily 

Fig. 4. Urinary Calcium Values for Children 1 to 5 Years Old 
Solid lines represent mean, maximum, and minimum cuvves as in Figure 3. The 
dotted lines connect values obtained from one child at two or more levels of calcium 
intake. The hollow symbols show urinary calcium values of children 1 to 2 years old. 
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Calcium Intake mg. per kg. daily 

Fic. 5. Urinary Caloum Valots tor Chilpren 10 to 15 Years olp 
Solid and dotted lines as in Figure 4. 

'Ttv" range. The significance mean, maximum, and minimum excretion and de- 

is nding will be discussed later. noted by the lines in Figure 7 is equally valid for 

^ ^ e relationships between calcium intake and subjects in positive and negative calcium balance, 
de ^orth in Figures 3 to 6 were In passing, one may note that a calcium intake of 
^nved from ^ta on all subjects, irrespective of 20 mgm. per kgm. seems to be the critical level 
a tote^ retention. In order to determine whether for negative calcium retentions. Irrespective of 
intak excretion greater than the calcium age, very few subjects lost calcium from the body 

all s ^ ^riodify this relationship, the data for when the calcium intake was greater than 20 mgm. 

. 'vith negative calcium retentions were per kgm. 

tkc j. Figure 7. It is obvious that A log-log chart of the maximum, mean, and 

rcationship expressed by the equations for minimum values for urinary calcium has proved 
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Calcium Intake mg/kg daily 

Fig. 6. Urinary Calcium Values for Apults 20 to SO Years Old 
Solid and dotted lines as in Figure 4. 


useful in checking the normality of urinary cal- 
cium excretion in hospital patients. Three values 
only are needed for the determination: the daily 
calcium intake, ‘24-hour urinary calcium, and the 
weight of the person. If the milk intake is known, 
the dietary calcium may be estimated with suffi- 
cient accuracy for the large percentage of cases 
wherein the true values will lie close to the mean. 
For example, a 20-kgm. child drinks a pint of 
milk daily and excretes 100 mgm. of calcium in 
the urine. The true calcium intake would prob- 
ably lie between 700 and 900 mgm. daily, br 35 
to 45 mgm. per kgm. The urine calcium is be- 
tween 14 and 11 per cent of these intakes. The 


ranges of these two values outline a square lying 
above the mean but well within the normal range. 
Had the urinary calcium been 200 mgm. daily, the 
values of 22 to 28 per cent of intake would indi- 
cate a urine calcium above the normal range, and 
an accurate study would be indicated. 

Urinary calcium in infancy 

The urinary excretion of calcium during the 
first year of life has been considered separately 
from that of the older subjects. Data were avail- 
able from 980 3-day studies of 95 normal male 
infants fed cow’s milk and ranging in age from 
3 to 52 weeks (46, 48) and for 31 studies of in- 
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fants under 26 weeks of age given human milk 
exclusively (49-52). 

Each infant given cow’s milk received 350 I.U. 
of vitamin D daily and retained ample amounts of 
calcium. The daily urine calcium excretion was 
relatively small, from 1 to 82 mgm. for the in- 
fants under 6 months of age and from 3 to 86 
mgm. for those over 6 months. The variability 
of urinary calcium was much greater among the 
group of infants and for the same infant during 
the first year of life than was observed with the 
older children. 


The 


urine Ca X 100 


of infants fed cow’s milk 


intake Ca 

was compared ivith the intake per kgm. The 
mean values obtained for each week of age are 
plotted in Figure 8. The mean %’alues are con- 
sistently below the mean' noted for the older sub- 
jects, but well within the normal range. The 
values for the youngest infants are lowest and the 
urine Ca X 100 ^ 

mean — intake Ca — approach the mean 

curve with increasing age and decreasing per 
kilogram intake of the infants. 



Calcium Intake mg per kg doily 

Fig. 7. Ueikary Calcium Values for Subjects ix Negative Caixicm 

Balance 

Solid lines represent mean, tnaximum, and minimum cur\'es as in Figure 3. 
Tlic data include 164 studies from subjects 4-76 years old. 
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Calcium Intake mg. per kg daily 

Fig. 8. Urinary Calcium Values for Infants Fed Cow’s Milk (47, 48) 
Note that in this figure only the ordinate is on a logarithmic scale. Mean, 
maximum and minimum curves are extrapolated from those of Figure 3. Values 
are averaged for each week of age. Solid circles show average values for infants 
under 3 months old; open circles, those 3 to 6 months old; solid triangles, infants 
6 to 9 months old; and open triangles, infants 9 to 12 months of age. 


A similar study of the urinary calcium excre- 
tion of breast-fed infants whose daily calcium in- 
takes varied from 44 to 125 mgm. per kgm., shows 
values comparable to those of the infants fed 
cow’s milk. No consistent differences were ob- 
served between the values for babies under 3 
months and those 3 to 6 months of age (Figure 

9 ). 


It thus appears that all normal infants, whether 
the per kgm. calcium intake be high or low, will 
excrete an amount of calcium in the urine that is 
within the range of normal values for older sub- 
jects, but below the mean for the latter group. 
It appears that the decrease in mean excretion is 
greatest during the first 6 months of life and tends 
to approach the normal during later infancy. 
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From the findings in Figure 4, in which the values 

, urine CaX 100 ^ i . o 

for — : — ; — for chudren 1 to 2 years of 

intake Ca 

age are still below the mean, it seems probable 
that the mean level of excretion characteristic for 
older subjects is not achieved until the child is 
about 2 years old. 

The decrease in urinary calcium observ’ed dur- 
ing infancy has two possible causes. Although 


individual babies, over a period of several months, 
tend to maintain a fairly constant level of excre- 
tion in relation to the mean, it may be that the 
endocrine glands, the secretions of which we be- 
lieve make up the “endogenous factor,” function 
less efficiently in the young infant than in the 
older child. As an example, hypoparathyroid 
tetany of the new-born is occasionally observed 
and appears to be always a transitory disturbance. 



Calcium Intake mg. per kg, daily 

Fig. 9. Urikaby Cacoum Values for Ixfaxts Fed Human 
Milk (47, 49-52) 

Lines as in Figure S. The data have been averaged for 
each week of age. Hollow symbols represent values for in- 
fants under 3 months of age; solid symbols, infants 3 to 6 
monllrs old. 
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Also, the relatively marked calcium undersatura- 
tion of the skeleton in early infancy may have the 
same effect on decreasing urinary calcium as docs 
severe calcium undernutrition in older subjects. 
It appears highly probable that both factors arc 
active in determining the quantity of calcium ex- 
creted in the urine of infants. 

Undernutriiion and overuutniion 

During recovery from severe undernutrition,’ 
especially calcium undernutrition, the relative un- 
saturation of bone may be sufficient to cause an 


unusually large deposition of calcium in bone and 

result in lowered urinary excretion of calcium. 

The fact that urine calcium values of infants are 

helow the mean value for older children and adults 

lends support to this possibility. 

Several studies of undernourished children (41, 

53) and infants (54) are available for analysis. 

, , . urine Ca X 100 

Pigurc lOshows changes m — ^ ^ occur- 

inttlKC L./cl 

ring as the children gained weight. For the chil- 
dren most seriously undernourished (30 to 45 per 
cent underweight), urine calcium values were 



Calcium Intake mgy'kg daily 

Fig. 10 . Urinary CALauM Values for Children During Recovery from 

Severe Malnutrition 

The hollow symbols represent the first observation, when the child was most 
underweight. In most of the cases of severe undernutrition the urinary calcium 
increased with the gain in weight. 
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Calcium Intake mg per kg daily 


Fig. 11. The Effect of Increasing Metabolic AaniTY on Excretion of 

Urinary Calcium 

The background lines represent the normal maximum, mean, and minimum 

~ ‘lSake Ca — relation to calcium intake in mgm. per kgm. Hollow symbols 

represent control studies with a neutral ash diet; solid symbols, findings after in- 
creasing the metabolic acidity by ketogenic diet (■), NH,C1 by mouth (•), or by 
ingestion of an acid-ash diet (a). It is obvious that the first two methods of 
increasing metabolic acidity can result in increasing urinary excretion of calcium 
to above normal limits. 


uniformly low and increased sharply as the child’s 
weight approached normal. Some children less 
severely undernourished showed lowered urinary 
calcium values during the period of undemutri- 
tion, but several of this group excreted as much 
calcium in the urine during the period of under- 
nutrition as when normal weight was attained. 

The effect of calcium undemutrition per se can 
>c illustrated by a study of a woman of 34 with 


severe osteoporosis (55). In this subject the 
presence of a low-grade steatorrhea for over 10 
years, although symptomless, had led to a severe 
osteomalacia even though the milk intake had 
been adequate. The urinary' calcium excretion 
before treatment was 16 mgm. daily or 1.2 per 
cent of the calcium intake of 40 mgm, per kgm. 
This value is minimum normal. She was not 
retaining calcium. Treatment consisted of cod 
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liver oil, bile salts, and pancreatin in conjunction 
with a diet high in calcium and phosphorus and 
low in fat content. After 4 months on this regi- 
men, the patient showed dramatic improvement; 
she gained weight and the osteoporosis was very 
nearly healed. The calcium retention at this time 
approximated 0.5 gram daily. However, the uri- 
nary calcium excretion was only 9 to 11 mgm. 
daily, or 0.5 to 0.7 of the intake of 36 mgm. per 
kgm., values well below the normal minimum. 
Practically all the absorbed calcium was being 
retained in the bones, and very little remained to 
be excreted in the urine. Similar low values for 
urine calcium may be obser\'ed during recovery 
from hyperparathyroidism. 

In obesity, there seems no reason to assume 
abnormality of calcium excretion, unless the obes- 
ity is accompanied by endocrine disturbance. As 
it seems probable that the relationship observed 
between weight of the subject and urinary cal- 
cium is due primarily to a relationship between 
skeletal weight and urinary calcium, the urinary 
calcium may be expected to be low. Therefore, 
the use of theoretical rather than actual weight of 
the obese individual seems preferable in calculat- 
ing normality of urinary calcium. For example, 
a boy of 11 during reduction of weight from 124.5 
to 99 kgm. excreted 8.5 to 9.3 per cent of his 
calcium intake of 9 to 14 mgm. per kgm. actual 
weight, or 26 to 33 mgm. per kgm. theoretical 
weight. These values are within normal limits 
for both intake levels, approach the mean value 
for theoretical per kgm. intake, and are well below 
the mean value for actual per kgm. intake, 

THE INFLUENCE OF DIETARY FACTORS OTHER THAN 
CALCIUM INTAKE 

In addition to the major factors affecting uri- 
nary calcium, namely, calcium intake, amount of 
bone measured by body weight, and endogenous 
factor, other factors exert lesser effects, which 
though not great in themselves, must be consid- 
ered in planning dietary regimens whenever uri- 
nary calcium is to be studied. Of these other 
factors, the increase of acid metabolites in the 
body, the quantity of protein ingested, the calcium- 
phosphorus intake ratio, dietary roughage, vita- 
min D, and the possible effects of intake of other 
salts have all been discussed' as factors affecting 


urinary calcium (56-73). The relative impor- 
tance of these factors can now be evaluated. 

The increase of acid ions in the body may be 
accomplished by feeding of mineral acids or acid 
salts such as ammonium chloride, by producing 
ketosis through the use of a high fat diet, or by 
the use of a diet giving an acid ash. Figure 11 
shows the effect of these factors on urinary cal- 
cium. All data were taken from the literature 
(27, 56-58), and in ever)' study each subject 
scn'cd as his own control. The calcium intake 
was nearly constant in all studies except one (27) 
in which the experimental diet contained less cal- 
cium than the control. Ingestion of ketogenic 
diet (fatty acid ; glucose = 2.6) by children re- 
sulted in the most marked increase in urinary 

1 , urine Ca X lOO 

calcium, values for — : — ; — were in- 

intake Ca 

creased far above the normal maximum. Am- 
monium chloride increased the urine calcium ex- 
cretion of children (27) and adults (56) above 
the normal maximum. Ingestion of an acid-ash 
diet by adults (56), although less effective than 
NH^Cl, did increase the urine calcium from values 
near the mean to values near the normal maxi- 
mum level of excretion. The importance of inges- 
tion of a neutral-ash diet when urinary calcium 
excretion is studied is thus emphasized. 

An additional factor known to influence the 
quantity of urinary calcium is the ratio of calcium 
to phosphorus in the diet. The data shown in 
Figure 12 taken from studies made in this lab- 
oratory (46, 61) illustrate the effect of changing 
the calcium to phosphorus ratio without altering 
the total calcium content of the diet. The high 
calcium to phosphorus intake ratios were attained 
by giving young adults a constant basal diet and 
providing the dietary calcium as calcium phos- 
phate for the control period and as calcium glu- 
conate or lactate for the experimental periods. 
The data for the lower calcium intake levels were 
obtained by giving children a low calcium diet and 
decreasing the calcium to phosphorus ratio by 
the addition of sodium glycerophosphate to the 
diet. The results show consistent increase in 
urine Ca X 100 ... 

— — with increasing calcium to phos- 
phorus intake ratio and constant calcium intake. 
In some cases, the increases in urinary calcium 
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Calcium Intake mg. per kg. daily 

Fig, 12. The Effect of Increasing the CAiauM to Phosphorus Intake Ratio 
ON THE Excretion of Urinary Calcium 
The hollow symbols represent the control studies and always indicate the lower 
calcium to phosphorus ratio of each pair. Increasing the calcium to phosphorus 
intake ratio results in variable increases in the per cent of intake e-xcreted in the 
urine. 


were sufficient to bring the values above the nor- 
nial range. 

In a similar study of an infant (62), the dietary 
calcium to phosphorus ratio was changed from 
1.3 to 2.8 and finally to 5.1 by changing the diet 
from a milk formula to a soybean mixture con- 
taining CaCOj. The dail}" urinar}" calcium values 
with the 3 diets were 23, 86, and 286 mgm. re- 
spectively. 


Another factor affecting urinary calcium is the 
quantity of dietar}' protein. The significance of 
screral studies on this subject is obscured by the 
uct that conairrent changes occurred in acid-base 
un pilciuin-phosphorus ratios of the diet. A few 
shi ics are available, however, in which these fac- 
VU ^^outrollcd [Pittman and Kunerth (IS, 
^^cCance ct ah (59), and Hawkes cl al. 


(60)], and wherein each subject served as his 
control. In these studies and in a study from our 
own laboratory (46) , the diets xvere controlled by 
the addition of minerals where necessary', so that 
the calcium and phosphorus intakes and calcium 
to phosphorus ratios were held verj" nearly con- 
stant. Also acid-base ratios varied only slightly 
between the low and high protein diets in all the 
studies e.xcept that of McCance (59), in which no 
mention is made of possible changes in acidity of 
the diet on addition of protein. The changes in 
urinarj' calcium values obtained in these studies 
are shown in Figure 13. The figures for high 
calcium intakes were obtained in pre-school chil- 
dren (60) with relatively minor changes (from 3 
to 4 mgm. per kgm. per day) in dietary protein. 
It appears that increase in dietary protein without 




198 


ELIZABETH L. KNAPP 


notable concurrent increase in acidity of ash of the 
diet or change in dietary calcium to phosphorus 
ratio causes a small but consistent increase in 
urinary calcium. However, the amount of in- 
crease was not sufficient to bring the urine calcium 
outside the normal limits in any of the studies 
reported. 

The question of the mechanical effect of the 
extra bulk of the cellulose from vegetables on the 
absorption and excretion of calcium has been 
studied by several investigators. Particular in- 
terest is centered on such vegetables as also con- 
tain oxalate. The results of vegetable feeding are 
somewhat conflicting and the changes in urine 
calcium are rarely marked. Spinach given to 
adults (63) decreased both absorption and uri- 
nary excretion of calcium. With children, spinach 
feeding was without significant effect on urine 


calcium (5), while studies of 4 infants fed small 
amounts of spinach gave variable results (64). 
Figure 14 records mean values for urine calcium 
of infants, children, and adults given diets of low 
and high vegetable content. In general, the feed- 
ing of increased amounts of vegetables appeared 
to decrease the urinary calcium, particularly when 
the chief source of intake calcium was vegetables 
(22, 31, 32, 38, 63), but the effect of the roughage 
was minor and inconsistent. 

The well-known effect of vitamin D in increas- 
ing the retention of calcium in the body is usually 
considered to be the result of increased absorption 
of calcium from the intestine. Vitamin D given 
to rachitic infants increases both the absorption 
and urinary excretion of calcium. However, in 
amounts of about 400 I.U. daily, vitamin D has 
small and inconsistent effects on urinary calcium 
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Fig. 13. The Effect of Increasing Protein Intake Without Increasing the 
Acidity of Ash of the Diet or the Calcium to Phosphorus Intake Ratio 
Background lines and symbols are the same as in Figure 11. Increasing the 
protein intake results in small increases in urinary calcium excretion which do not 
exceed the normal limits. 
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Calcium Intake mg. per kg. daily 

Fig. 14. The Effect of Increased Intake of Vegetables on Excretion of 

Urinary Calcium 

Solid symbols represent the higher roughage intake, hollow symbols represent 
control studies. S indicates that the vegetable studied was spinach. 


of healthy children. In one study of 8 children, a 
consistent slight increase in average urinarj' cal- 
cium was noted (9) ; in another, no change was 
observed (66). Data from studies made in this 
laboratory on boys given 340 I.U. vitamin D as 
cod liver oil daily at ttvo levels of calcium intake 
are presented in Table VIII. The administration 
of vitamin D appeared to increase ufinary calcium 
slightly in 11 of 15 subjects when the calcium in- 
take was moderate. With more ample calcium 
intake, the changes in urinary calcium were very 
small and not consistent. Similarly for 8 adoles- 
cent girls recemng ample calcium intake (Table 
300 to 400 I.U. of vitamin D daily in- 


creased calcium absorption but caused no change 
in the urinary excretion of calcium. In adults 
the effect of moderate doses of \‘itamin D on uri- 
narj' calcium is negligible (13, 16, 23, 67). 

In hypen-itaminosis D, the urinarj' calcium is 
usually greatly increased above the normal (68). 


TABLE vni 


Influence of viUimin D intake on urinary excretion of 
calcium by children 1-15 years old 






Vitamin D per day 

.Age 

I 

i No. 

[ 

Approx. 

intake 


o 

30O-S0O I.U. 

1 subj. 

1 


Urine 



1 


Mean 

Range 

Mean 

Range 

years 


grams 
Per day 

mgrrt. 

per day 1 

rngm 

. per day 

Boys 






1-3 

2 

0.750 

29 

13-45 

43 

36-50 

1-3 

4 

1.350 

36 

27-55 

38 

25-52 

4-7 

7 

0.750 

65 

33-128 

80 

24-142 

4-7 

6 

1.450 

94 

76-165 

79 

46-181 

8-12 

i 

6 

0.850 

1 

82 

40-122 

174 

114-240 

8-12 

5 

1.650 

186 

83-279 

112 

60-159 

Girls 







ll-IS 

8 

1.270 

US 

26-224 ; 

no 

25-210 
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Doses of vitamin D much larger than are physio- 
logical, although not necessarily large enough to 
produce hypervitaminosis, are also reported to 
increase urinar}'^ calcium (67, 69). 

Increases in urinary calcium have been noted 
after ingestion of large amounts of urea (70), 
magnesium citrate (3), and magnesium lactate 
(72) by adults. Lactose caused a consistent de- 
crease in urinary calcium of 5 little hoys (71). 
Small increases in urinary calcium were noted 
after addition of sodium or potassium chloride to 
the diet of infants studied in this laboratorj' (61) 
and in adults (73). Potassium citrate consist- 
ently lowered urinar}' calcium excretion of 8 pre- 
school children (74). 

Because dietar}'' factors such as acid-base bal- 
ance, calcium to phosphorus ratio, and other fac- 
tors discussed above modify somewhat the level of 
urinary calcium excretion characteristic for the 
individual, it is important that thc)^ be controlled 
in an)' study of the effect of other factors, par- 
ticularly when small groups of subjects are used. 

SUMMARY AND CONCLUSIONS 

Through the study of the urinary calcium ex- 
cretion of 606 normal persons, from 1 to 80 years 
of age, under standard dietary regulation, the nor- 
mal range of urinary excretion of calcium has been 
established and a new tool provided for the study 
of calcium metabolism. 

1. The quantity of urine calcium is dependent 
on an endogenous factor or factors, presumably 
endocrine, and on calcium intake per unit of 
weight. Age and sex are not factors except as 
they affect skeletal weight. It is thus possible to 
compare data from subjects of all ages and with 
varying dietary intakes. 

2. Urinary calcium expressed as per cent of 
calcium intake varies inversely with the intake per 
kgm. and is an exponential function of the latter. 
Values for mean, minimum, and maximum nor- 
mal urinary calcium may be expressed by specific 
equations. 

3. The urinary calcium excretion of subjects 
below 2 years of age is within the normal range 
but below the mean value for older children and 
adults. 

4. Dietary factors other than calcium intake 
have relatively minor effects on urine calcium, 


with the exception of ingested acids, kctogcnic 
diets, or diets with a high calcium to pho.sphorus 
ratio, all of which increase urinary calcium, often 
above maximum normal limits. 

5. The ability to demarcate the normal range of 
uritiary calcium with a considerable degree of 
accuracy .should prove a useful aid in further 
.studies of calcium metabolism, as well as an aid 
in diagnosis of disease entities associated with 
alteration of urinary excretion of calcium. 

The auliior wishes to acknowledge receipt of additional 
data from Drs. Julia Outhouse Holmes, Gladys Kinsman 
Lewis, Icic Macy Hooblcr, Helen Hunscher, Martha Pitt- 
man, Margaret Ohlson, .and Miss Hughina AfcKay. Airs. 
Helen Kelly and Dr. William Berg carried out the statis- 
tical analyses (75). 

BIBLIOGRAPHY 

1. Bauer, W., Albright, F., and Aub, J. C, Studies of 

calcium and phosphorus metabolism. II. The cal- 
cium excretion of normal individuals on a low 
• calcium diet, also data on a case of pregnancy. 
J. Clin. Invest., 1929, 7, 75. 

2. Blatherwick, N. R., and Long, AI. L., The utilization 

of calcium and phosphorus of vegetables by man. 
J. Biol. Chem., 1922, 52, 125. 

3. Bogert, L. J., and AIcKittrick, E. J., Studies in in- 

organic metabolism. I. Interrelations between cal- 
cium and magnesium metabolism. J. Biol. Qiem., 
1922, 54, 363. 

4. Bogert, L. J., and Kirkpatrick, E. E., Studies in in- 

organic metabolism. 11. The effects of acid-form- 
ing and base-forming diets upon calcium metab- 
olism. J. Biol. Chem., 1922, 54, 375. 

5. Bonner, P., Hummel, F. C., Bates, AI. F., Horton, 

J., Hunscher, H. A., and Alacy, I. G., The influence 
of a daily servdng of spinach or its equivalent in 
oxalic acid upon the mineral utilization of children. 
J. Pediat., 1938, 12, 188. 

6. Breiter, H., Alills, R., Dwight, J., AIcKc}', B., Arm- 

strong, W., and Outhouse, J., The utilization of 
the calcium of milk by adults. J. Nutrition, 1941, 
21, 351. 

7. Burton, Helen B., The influence of cereals upon the 

retention of calcium and phosphorus in children 
and adults. J. Biol. Chem., 1930, 85, 405. 

8. Chaney, M. S., and Blunt, K., The effect of orange 

juice on the calcium, phosphorus, magnesium, and 
nitrogen retention and urinary organic acids of 
growing children. J. Biol. Chem., 1925, 66, 829. 

9. Daniels, A. L., Hutton, AI. K., Knott, E., Everson, 

G., and Wright, O., Relation of ingestion of milk 
to calcium metabolism in children. Am. J. Dis. 
Child., 1934, 47, 499. 

10. Davis, N. J., Calcium, phosphorus, and nitrogen re- 
tention of children. Effects of acid-forming and 



FACTORS INFLUENCING URINARY EXCRETION OF CALCIUM 


201 


base-forming diets. Am. J. Dis. Child., 1935, 49, 
611. 

11. Disch, Anne C, The effect of an acid ash diet upon 

the calcium and phosphorus e-xcretion of normal 
adults and kidney stone patients. Thesis, State 
Univ. Iowa, 1941. 

12. Farquharson, R. F., Salter, W. T., and Aub, J. C., 

Studies of calcium and phosphorus metabolism. 
XIII. The effect of ingestion of phosphates on 
the excretion of calcium. J. Clin. Invest., 1931, 
10, 251. 

13. Hart, M. C., Tourtellotte, D., and Heyl, F. W., The 

effect of irradiation and cod liver oil on the calcium 
balance in the adult human. J. Biol. Chem., 1928, 
76, 143. 

14. Herbst, 0., Beitrage zur Physiologie des Stoffwechsels 

in Knaben-alter mit besonderer Berucksichtigung 
einiger Mineralstoffe. Annales Paediatrici, 1912, 
76, 40. 

15. Herbst, O., Calcium and Phosphor beim Wachstum 

am Ende der Kindheit. Ztschr. f. Kinderh., 1913, 
7, 161. 

16. Hunscher, H. A., Donelson, E., Erickson, B. N., and 

Macy, I. G., Results of the ingestion of cod liver 
oil and yeast on calcium and phosphorus metabolism 
of women. J. Nutrition, 19^ 8, 341. 

17. Johnston, J. A., Factors influencing retention of ni- 

trogen and calcium in period of growth. IV. Ef- 
fect of estrogen. Am. J. Dis. Child., 1941, 62, 708. 

18. Kunerth, B. L., and Pittman, M. S., A long-time 

study of nitrogen, calcium, and phosphorus metab- 
olism on a low-protein diet. J. Nutrition, 1939, 
17, 161. 

19. Leverton, R. M., and Marsh, A. G., One hundred 

studies of the calcium, phosphorus, iron, and nitro- 
gen metabolism and requirement of yoimg women. 
Univ. Nebr. Agric. Expt. Sta., Research Bull., 
1942, 125. 

20. Mallon, M. G., Jordan, R,, and Johnson, M., A note 

on the calcium retention on a high and low fat diet. 
J. Biol. Chem., 1930, 88, 163. 

21. Mallon, M. G., Johnson, L. M., and Darby, C. R., 

A study of the calcium retention on a diet contain- 
ing American cheddar cheese. J. Nutrition, 1932, 
5, 121. 

22. Mallon, M. G., Johnson, L. M., and Darby, C. R., 

The calcium retention on a diet containing leaf let- 
tuce. J. Nutrition, 1933, 6, 303. 

-3. I'IcCance, R. A., and Widdowson, E. M., ilineral 
metabolism of healthy adults on white and brown 
^ bread dietaries. J. Physiol., 1942, 101, 44. 

• l^IcCance, R. A., Widdowson, E. M., and Lehmann, 
H., The effect of protein intake on the absorption 
of calcium and magnesium. Biochem. J., 1942, 36, 
686 . 

25. McClellan, W. S., Rupp, V. R., and Toscani, V., 
Clinical calorimetr}'. XLVI. Prolonged meat diets 
With a stud}- of the metabolism of nitrogen, cal- 
oium, and phosphorus. T. Biol. Chem., 1930. 87, 
669. 


26. Unpublished data from the study reported by McKay, 

H., Patton, M. B., Ohlson, M. A., Pittman, M. S., 
Leverton, R. M., Marsh, A. G., Steams, G., and 
Cox, G., Calcium, phosphorus, and nitrogen metab- 
olism of young college women. J. Nutrition, 1942, 
24, 367. 

27. Morris, N., and MacRae, O., Metabolic reactions to 

acidosis produced by ammonium chloride. Arch. 
Dis. Childhood, 1930, S, 207. 

28. Owen, E. C., Irving, J. T., and Lyall, A., The cal- 

cium requirements of older male subjects with 
special reference to the genesis of senile osteo- 
porosis. Acta Med. Scandinav., 1940, 103, 235. 

29. Pierce, H. B., Daggs, R. G., Mesen-ey, A. B., and 

Simco.x, W. J., The retention of calcium and phos- 
phorus by pre-school children. J. Nutrition, 1940, 
19, 401. 

30. Pittman, M. S., and Kunerth, B. L., A long-time 

study of nitrogen, calcium, and phosphorus metab- 
olism on a medium-protein diet. J. Nutrition, 
1939, 17, 175. 

31. Rose, M. S., Experiments on the utilization of the 

calcium of carrots by man. J. Biol. Chem., 1920, 
41, 349. 

32. Rose, M. S., and MacLeod, G., Experiments on the 

utilization of the calcium of almonds by man. J, 
Biol. Chem., 1923, 57, 305. 

33. Sahs, E. B., Dietary factors influencing urinary acid- 

ity and stone formation. Thesis, State Univ. low-a, 
1939. 

34. Sherman, H. C., Gillette, L. H., and Pope, H. M., 

Monthly metabolism of m’trogen, phosphorus, and 
calcium in healthy women. J. Biol. Chem., 1918, 
34, 373. 

35. Sherman, H. C., VTieeler, L., and Yates, A. B., Ex- 

periments on the nutritive value of maize protein 
and on the phosphorus and calcium requirements of 
healthy women. J. Biol. Chem., 1918, 34, 383. 

36. Sherman, H. C., Winters, J. C., and Phillips, V., 

Efficiency of oat protein in adult human nutrition. 
J. Biol. Chem., 1919, 39, 53. 

37. Sherman, H. C., Calcium requirement of maintenance 

in man. J. Biol. Chem., 1920, 44, 21. 

38. Sherman, H. C., and Hawley, E., Calcium and phos- 

phorus metabolism in childhood. J. Biol. Qiem., 
1922, 53, 375. 

39. Steggerda, F. R., and Mitchell, H. H., The calcium 

requirement of adult man and the utilization of the 
calcium in milk and in calcium gluconate. J. Nu- 
trition, 1939, 17, 253. 

40. Steggerda, F. R., and Mitchell, H. H., Further ex- 

periments on the calcium requirement of adult man 
and the utilization of calcium in milk. J. Nutri- 
tion, 1941, 21, 577. 

41. Wang, C. C., Kauchcr, M., and Frank, }.f.. Metab- 

olism of undernourished children. IV. Calcium 
metabolism, .-^m. J. Dis. Qiild., 1925. 35, £56. 

42. Wang, C. C., Kem, R., and Kai.-cher, M., Minim-u.-n 

requirement of calcium and phosphorus in chil- 
dren. Am. J. Dis. Cnild., 1930, 39. 76S. 


202 


KLTZAI^RTII L. KNAPP 


43. Wang, C. C., Kaudicr, M., and Wing, M., Metab- 

olism of adolescent girls. IV. Mineral metabolism. 
Am. J. Dis. Child., 1936, 52, 41. 

44. Willard, A. C, and Blunt, K., A comparison of evap- 

orated with pasteurized milk as a source of cal- 
cium, phosphorus, and nitrogen. J. Biol. Chem., 
1927, 75, 251. 

45. McCrudden, F. H., The determination of calcium in 

the presence of magnesium and phosphates: the 
determination of calcium in urine. J. Biol. Chem., 
1911-12, 10, 187. 

46. Knapp, E. L., Studies on the urinary excretion of 

calcium. Thesis, State University of Iowa, 1943. 

47. Unpublished data; Jeans, P. C., Stearns, G., and 

others. 

48. Jeans, P. C, Stearns, G., McKinley, J. B., Goff, E. 

A., and Stinger, D., Factors possibly influencing the 
retention of calcium, phosphorus, and nitrogen by 
infants given whole milk feedings. I. The curding 
agent. J. Pediatrics, 1936, 8, 403. 

49. Czerny, A. D., and Keller, A., Dcs Kindes Ernah- 

rung, Ernahrungsstorungen, und Ernahrungs- 
therapie, Vol. II. Leipzig, 1928. 

50. Wang, C. C., Witt, D. B., and Felcher, A. R., A 

comparison of the metabolism of some mineral con- 
stituents of cow’s milk and of breast milk in the 
same infant. Am. J. Dis. Child., 1924, 27, 352. 

51. Lingberg, G., Uber den Stoffwechsel des gesunden, 

naturlich ernahrten Saugliiigs und dessen Beiin- 
flussung durch Frauenmilchfett. Ztsebr. f. Kin- 
derh., 1917, 16, 90. 

52. Muhl, Greta, Uber den Stoffwechsel des gesunden 

naturlich ernahrten Sauglings und dessen Beiin- 
flussung durch Fettreduktion der Nahrung. Acta 
Paediat., 1923, 2, Suppl., 1-140. 

53. a. Stearns, G., and Moore, D. L. R., Growtli in height 

and weight, and retention of nitrogen, calcium, and 
phosphorus during recovery from severe malnutri- 
tion. Am. J. Dis. Child., 1931, 42, 774. 
b. Stearns, G., Jeans, P. C., Catherwood, R., and 
McKinley, J. B., Diet in malnutrition and celiac 
disease. J. Pediat., 1941, 18, 12. 

54. Utheim, K., Advanced chronic nutritional disturbances 

in infancy. Stud, from Dep’t Pediat., Wash. U. 
School Med., 1922, 4, 1. 

55. Miyakawa, G., and Stearns, G., Severe osteoporosis 

(or osteomalacia) associated with long-continued 
low-grade steatorrhea. J. Bone and Joint Surg., 
1942, 24, 429. 

56. Farquharson, R. F., Salter, W. T., Tibbetts, D. M., 

and Aub, J. C., Studies of calcium and phosphorus 
metabolism. XII. The effect of the ingestion of 
acid-producing substances. J. Clin. Invest., 1931, 
10 , 221 . 

57. Niermann, M., and Winter, M., Stoffwechselunter- 

suchungen bei Ernahrung mit sauren Milchmischu- 
gen. Arch. f. Kinderh., 1930, 89, 290. 

58. Nelson, M. V., Calcium and phosphorus metabolism 

of epileptic children receiving a ketogenic diet. 
Am. J. Dis. Child., 1928, 36, 716. 

59. Lehmann, H., and Poliak, L., The effect of amino 


acids on pho.sphatc transfer in muscle extract. 
Biociicm. J., 1942, 36, 672. 

60. Hawks, J. E., Br.ay, M. M., Wilde, M. O., and Dye, 

M., The interrelationship of calcium, phosphorus, 
and nitrogen in the metabolism of pre-sebool chil- 
dren. J. Nutrition, 1942, 24, 283. 

61. Stearns, Genevieve, and others, unpublished data. 

62. Stearns, G., Soybean flour in infant feeding. A study 

of the relation of the comparative int.akes of nitro- 
gen, calcium, and phosphorus on the excretion and 
retention of these elements b}' infants. Am. J. 
Dis. Child., 1933, 46, 7. 

63. McLaughlin, Laura, Utilization of the calcium of 

spinach. J. Biol. Chem., 1927, 74, 455. 

64. Stearns,, G., and Stinger, D., unpublished data. 

65. Edclstein, E., Der Einfltiss von Gcmusezulagcn auf 

den Stickstoff und Mineralstoffwcchsel des Kindes. 
Ztschr. f. Kinder!]., 1932, 52, 483. 

66. Weld, C. B., and Sykes, J. F., The effect of irradiated 

crgosterol on calcium and phosphorus retention in 
children. Trans. Roy. Soc. Canada, Sec. V, 1932, 
81. 

67. Bauer, W., Marble, A., and Claflin, D., Studies on 

the mode of action of irradiated crgosterol. I. Its 
effect on the calcium, phosphorus, and nitrogen 
metabolism of normal individuals. J. Clin. Invest., 
1932, 11. 1. 

68. Harris, L. J., The mode of action of vitamin D. The 

“parathyroid" theory; clinical hypervitaminosis. 
Lancet, 1932, 1, 1031. 

69. Rose, E., Perloff, W. H., and Sundermann, F. W., 

The effect of low calcium diet and calciferol on 
calcium and phosphorus metabolism : Studies on 2 
parathyreoprivic patients and one “normal” sub- 
ject. Am. J. M. Sc., 1941, 202, 691. 

70. Aub, J. C., Tibbetts, D. M., and McLean, R., The 

influence of parathyroid hormone, urea, sodium 
chloride, fat and of intestinal activity upon calcium 
balance. J. Nutrition, 1937, 13, 635. 

71. Mills, R., Breiter, H., Kempster, E., McKey, B., 

Pickens, M., and Outhouse, J., The influence of 
lactose on calcium retention in children. J. Nu- 
trition, 1940, 20, 467. 

72. Tibbetts, D. M., and Aub, J. C., Magnesium metab- 

olism in health and disease. I. The magnesium and 
calcium excretion of normal individuals, also the 
effects of magnesium, chloride, and phosphate ions. 
J. Clin. Invest., 1937, 16, 491. 

73. a. von Wendt, G., Untersuchungen iiber den Eiweiss- 

und Salz-Stoffwechsel beim Menschen. Skandinav. 
Arch. f. Physiol., 1905, 17, 211. 
b. Wiley, F. H., Wiley, L. L., and Waller, D. S., 
The effect of the ingestion of sodium, potassium, 
and ammonium chlorides and sodium bicarbonate 
on the metabolism of inorganic salts and water. 
J. Biol. Chem., 1933, 101, 73. 

74. Watson, E. K., McGuire, E. W., Meyer, F. L., and 

Hathaway, M. L., Calcium metabolism of pre- 
school children. J. Nutrition, 1945, 30, 259. 

75. Snedecor, G. W., Statistical Methods. Collegiate 

Press, Ames, Iowa, 1937. 



DIFFERENTIAL SPINAL BLOCK. II. THE REACTION OF 
SUDOMOTOR AND VASOMOTOR FIBERS " 


By STANLEY J. SARNOFF and JULIA G. ARROWOOD rr.: 

(From the Department of Surgery and the Anesthesia Laboratory of the Harvard Medical 
School and the Surgical Services at the Massachusetts General 
Hospital, Boston, Massachusetts') 

(Received for publication August 7, 1946) 


In a previous communication (1), a technic 
was described for differentially blocking axones 
as they traverse the subarachnoid space. This 
was based upon the assumption t hat the smalle r. 
unmyelinated fibers wou ld be rriore susceptible to 
an anestheti c^agenLJn, the spinal fluid than the 
larger, myelinated fibers. At that time, we tested 
motor power and the patient’s appreciation of 
pin-prick, touch, deep pressure, position sense, and 
vibratory sense. Skin temperature measurements 
■ were used as the index of vasomotor fiber block. 
-It was fo und-thaLwhen a^O.2 per cent solution of 
procaine hy drochloride was used, vasomotor fibers 
! ^nd... pin-prick ..fibers were blocked while motor 

) of touch, deep pressure, 

) position, sense, and-vibratory sense remained un- 
, affected. ■ 

Emmett (2) presented a series of cases in which 
jt _TOS rarely possible t o produce a sensory and 
sympathetic block without a motor block by giv- 
ing a small volume of procain e solution in the 
usual high concentrations. Unfortunately, how- 
ever, the various sensory modalities were not indi- 
vidually examined and the observations on the 
results of the block were confined to the feet. 

Gasser and Erlanger (3), working with cocaine, 
and Heinbecker, Bishop, and O’Leaiy (4), work- 
mg with procaine, have demonstrated that the 
class C fibers, the least myelinated of a mixed 
nerve, are the first to be blocked when subjected 
to local infiltration with the anesthetic agent. It 
do<^ not necessarily follow that these fibers (in 
which class autonomic fibers generally fall) are 
blocked by a lower concentration, but it does sug- 
gest that this is so and that, therefore, these fibers 
could be preferentially blocked. 

In this laboratory, preliminar}' experiments per- 
ormed on the cat indicated that this was true. A 
pon erful sympathogenic reflex, the carotid sinus 
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reflex, could be abolished in the vagotomized cat 
by a 0.15 per cent procaine perfusion of the spinal 
canal [after the method of CoTui (5)], at a time 
when the animal maintained spontaneous respira- 
tory activity and gave a contralateral muscular 
response to the electrical excitation of one femoral 
nerve. 

The experiments of Judovich and Bates (6) 
are interesting in this connection. They demon- 
strated that varying the concentrations of am- 
monium chloride surrounding the saphenous nerve 
of the cat exerted a partially selective effect in 
obliterating the action potentials of the A and C 
type fibers. They did not clearly demonstrate 
that this was not a time gradient as in the work 
mentioned above. The selective effect of the 
pitcher plant distillate and ammonium salts, pe- 
ripherally and intraspinally, in relieving neuralgic 
pain while leaving the usually tested sensations 
unimpaired is most stimulating; but the mecha- 
nism and fiber ty'pes involved are not clear. 

This report is concerned mainly with the selec- 
tive effect, on the basis of a graded concentra- 
tion, on sudomotor, vasomotor and pin-prick fibers 
in the subarachnoid space. 

MATERIAL AND METHOD 

Nine sets of observations were made on seven patients 
of the Massachusetts General Hospital. Two of these 
patients were suffering from amputation stump pain, two 
patients were in the hospital for repair of an inguinal 
hernia, two for the treatment of herpes zoster, and one 
for diagnostic procedures relating to sciatic ner;-e pain. 
All were otherwise in a good state of health. 

Six of the nine sets of obsenations were concerned 
with the reactions of the individual to a diffe rential .spinal 
block. The technique used was essentially that as pre- 
viously described (1). It was some\vhat modified in 
that a larger initial dose (15 ml. rather than 10 ml. of a 
0.2 per cent solution) and a higher rate of subsequently 
administered procaine were used. This vas done because 
it was found that by so doing it \sas possible to hasten the 
onset of the differential block without affecting the nature 
of the response. 
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Three sets of observations on tlic reaction of the patient 
to tlie usual or full spinal block were obtained. The man- 
ner in whicli these blocks were performed is specified in 
tlic individual protocol. These observations were used as 
control studies. In two instances both the diflercntial 
and undiflerentiated block were performed in the same 
patient (R. B. and D. M.). 

Iron-constantan thermocouples were placed on the 
plantar surface of the distal phalanx of tlic preal toe 
(labelled A in the figures), on the medial aspect of the 
dorsum of the foot (B), and four inches above the in- 
ternal malleolus (C). This was done on both lower 
extremities. A seventh thermocouple (RF) was placed 
on the palmar surface of the distal phalanx of the right 
third digit. The eighth thermocouple was placed just 
under the operating table so that it would register room 
temperature. The eight thermocouples were connected to 
a temperature recording device which printed in rotation 
ever}' 30 seconds. By this means the temperature at 
each of the designated points was recorded every 4 min- 
utes.2 

The degree of skin resistance was used to record the 
order of magnitude of sweating and the changes that oc- 
curred. The instrument used was that advocated by 
Richter (7). The sensitivity of the indicating micro- 
ammeter, or dermometer, was set at an appropriate level 
for each individual. This made it impossible to compare 
the skin resistance and the degree of sweating of one 
patient with that of another. However the sensitivity 
setting remained the same for the entire duration of the 
experiment in any given patient, and, therefore, qualita- 
tive changes were accurately reflected. In Figures 2 to 
8, the dermometer readings are inversely proportional to 
the skin resistance. 

The patient was brought into a constant temperature 
room in which the temperature was between 17® and 
25° C. In any given experiment the room temperature 
did not vary more than 1.6° C. The patient's trunk was 
covered with a cotton sheet; the remainder of the body 
was bare. The patient was placed supine on the (Operat- 
ing table which was maintained in the horizontal position 
at all times. Blood pressure determinations were done 
with the mercury manometer, adhering to the criteria of 
Ragan and Bordley (8). A needle was placed in the 
subarachnoid ■ space in the third lumbar interspace and 
connected with tubing which allowed the administration 
of the 0.2 per cent solution of procaine. This tubing 
was connected to a leveling bottle which contained the 
anesthetic solution. A spinal fluid manometer was inter- 
polated by means of a three-way stopcock and held by a 
clamp so that the zero point was on a level with the skin 
of the back (Figure 1). The neurologic examination 
used was that previously described (1). Thermal appre- 
ciation was not accurately tested and therefore the results 
stated do not include this modality. At the suggestion of 
Dr. J. C. White, tickle was tested in those two patients 
who were ticklish (E. H. and D. M.), by scratching the 
soles of their feet. 

- Brown Instrument Co., Boston, Mass. 



The results indicate that there is a paralysis of 
the preganglionic sudomotor fibers which sets in 
at the same time as the block of the vasomotor 
fibers. This was true of the differential spinal 
block as well as of the full spinal block. The 
difference between the two types of block was 
mainly in the promptness with which the vaso- 
motor-sudomotor block occurred. It was to be 
expected in addition that the full spinal block 
caused the loss of motor power and the other 
sensory modalities. 

Case No. 1 (R. B.) : Age 55, male, right inguinal hernia. 

(Figure 2A) Satisfactory control skin resistance and 
skin temperature levels having been obtained, IS ml. of 
a 0.2 per cent solution of procaine were administered from 
11:37 to 11:42 A.M. 0.6 ml., or 1.2 mgm., per minute 
were then run in until 12:26 P.M. At 12:00 noon there 
was evidence of a beginning rise of skin temperature and 
skin resistance in both lower extremities. The change in 
the resistance and temperature of the right foot preceded 
that in the left foot by a few minutes, indicating the simi- 
lar susceptibility of the two sets of fibers. The skin tem- 
perature of both lower extremities soon reached levels 
indicative of maximal vasodilatation. At 11:54 A.M., 
there was a spotty loss of the appreciation of pin-prick 
on the right. This eventually rose to the fifth thoracic 
segment bilaterally at 12 :50 P.M. The remainder of the 
neurologic examination was negative. The blood pressure 
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Fig. 2A 

Under skin resistance, the number indicates the toe e-xamined. The plantar surface 
of the distal phalanx was used in each case, F indicates the readings obtained from 
the palmar surface of the distal phalanx of the fourth right finger. The dermometcr 
readings are inversely proportional to tlie skin resistance. Under skin temperature, 
A represents the readings obtained from the plantar surface of the distal phalanx of 
the great toe, B from the medial aspect of the dorsum of the foot, and C from the 
inner aspect of the leg four inches above the internal malleolus. F represents readings 
from the palmar surface of the distal phalanx of the third right finger. 
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Fig. 2B 

■ Under skin resistance, the number indicates the toe examined. The plantar surface 
of the distal phalanx was used in each case, F indicates the readings obtained from 
the palmar surface of the distal phalanx of the fourth right finger. The dermometer 
readings are inversely proportional to the skin resistance. Under skin temperature, 
A represents the readings obtained from the plantar surface of the distal phalanx of 
the great toe, B from the medial aspect of the dorsum of the foot, and C from the 
inner aspect of the leg four inches above the internal malleoluL F represents readings 
from the palmar surface of the distal phalanx of the third right finger, 
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fell from the control level of 110/80 to a low of 74/54 at 
12 ;37 , P.M. A total of 90 mgm. of procain e was a dmin -, 
istered over a period of SO minutes. At 12 :58, 32 min- 
ules'afteT stopping~the'Bnp, a full sudomotor and vaso- 
motor block was still present. 

Ten days later, a full spinal block was administered to 
the same patient (Figure 2B). After control levels were 
established, 80 mem, of procaine hydrochlo ride in 4 ml...of 
cerebrospinal fluid were injected into the subarachnoid 
space in the third lumbar interspace. This was followed 
by the administration of 0.3 ml. per minute of a 0.5 per 
cent solution of the same agent. A rise in skin tempera- 
ture and skin resistance in the feet was in evidence within 
5 minutes of the injection. The slope of the curve was 
slightly steeper tlian when the differential block was ad- 
ministered, but in other respects they were similar. The 
loss of motor power and sensation .was_that_usuall y seen 
m th ful l^pin al block s. The fall in systolic arterial pres- 
sure was not so great after the full spinal block as after 
the differential block (in terms either of absolute or per- 


centile change) despite the fact that muscular paralysis 
accompanied the former and not the latter. 

Case No. 2 (£>. M.) : Age 38, male. Left mid-thigh am- 
putation stump pain. 

(Figure 3A) Control levels having been obtained, 15 
ml. of a 02 per cent solution of procaine hydrochloride 
were run in between 3 :52 and 3 :55 P.M. From then 
until 4:50 P.M., 1.6 mgm. per minute of the same solu- 
tion were administered. The skin temperature and skin 
resistance of the right foot began to rise simultaneously be- 
tween 4:10 and 4:15 P.M. The skin temperature reached 
levels indicative of maximal vasodilatation. At 4 :10 P.M., 
there was a just discernible, spotty loss of appreciation 
of pin-prick on the right anterior thigh. Complete loss 
of pin-prick sensation eventually rose to the first thoracic 
segment at 4:51 P.M. At 4:43 P.M., the appreciation of 
tickle was unchanged. The remainder of the neurologic 
examination was negative. The blood pressure remained 



Fic. 3A 

Under skin resistance, the number indicates the toe examined. The plantar surface 
of the distal phalan.x was used in each case. F indicates the readings obtained from 
the palmar surface of tlie distal phalanx of the fourth right finger. The dermometer 
readings are inversely proportional to the skin resistance. Under skin temperature, 
A represents the readings obtained from the plantar surface of the distal phalanx of 
the great toe, B from the medial aspect of the dorsum of the foot, and C from the 
inner aspect of the leg four inches above the internal malleolus. F represents readings 
from the palmar surface of the distal phalanx of the third right finger. 


208 


STANLEY J. SARNOFF AND JULIA G. ARROWOOD 


essentially unchanged. A total of 116 mgm. of procaine 
was administered over a period of 60 minutes. 

Two days later, a full spinal block was administered 
to the same patient (Figure 3B). After obtaining con- 
trol levels, ISO mgm. of procaine in 5 ml. of normal 
saline were injected into the subarachnoid space at the 
third lumbar interspace. No additional injections were 
made. This was followed almost immediately by a rise 
in skin temperature and skin resistance. The curves ob- 
tained closely resembled the curves obtained with the dif- 
ferential spinal block in the same patient, with the excep- 
tion that, with the full block, the skin temperatures did 
not rise so high during the period of observation. The 
blood pressure did not change appreciably; but, if any- 
thing, the average post-injection level was slightly higher 
than the average control level. 


Case No. 3 (A, D.) : Age 6S, female. Post-hcrpclic 
neuralgia. 

(Figure 4) Satisfactory control levels of skin tem- 
pcraUirc and skin resistance having been obtained, 15 ml. 
of a 0.2 per cent solution of procaine hydrochloride were 
run in between 4 :3S and 4 :39 P.M. From then until 4 :58, 
1.2 mgm. per minute were administered and from 4:58 to 
5:22 P.M., 2.0 mgm. per minute of the same solution were 
given. The changes in skin temperature and skin resist- 
ance in the feet were manifest in the right foot slightly 
before the left, indicating, as in Case R. B., the similar 
susceptibility of the two types of fibers to the given con- 
centration of procaine. It is likely that the presence of 
hypertensive and arteriosclerotic disease limited the height 
to which the skin temperature rose in this individual. 
The contour of the cur\’c, however, indicates that the 



Fig. 3B 

Under skin resistance, the number indicates the toe examined. The plantar surface 
of the distal phalanx was used in each case. F -indicates the readings obtained from ' 
the palmar surface of the distal phalanx of the fourth right finger. The dermometer 
readings are inversely proportional to the skin resistance. Under skin temperature, 
A represents the readings obtained from the plantar surface of the distal phalanx of 
the great toe, B from the medial aspect of the dorsum of the foot, and C from the 
inner aspect of the leg four inches above the internal malleolus. F represents readings 
from the palmar surface of the distal phalanx of the third right finger. 
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Fig. 4 

Under skin resistance, the number indicates tlie toe e.'camined. The plantar suiiace 
of the distal phalanx was used in each case. F indicates the readings obtained from 
the palmar surface of the distal phalanx of the fourth right finger. The dermometer 
readings are inversely proportional to the skin resistance. Under skin temperature, 
A represents the readings obtained from the plantar surface of the distal phalanx of 
the great toe, B from the medial aspect of the dorsum of the foot, and C from the 
inner aspect of the leg four inches above the internal malleolus. F represents readmgs 
from the palmar surface of the distal phalanx oi,the third right finger. 
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Under skin resistance, the number indicates the toe examined. The plantar surface 
of the distal phalanx was used in each case. F indicates the readings obtained from 
the palmar surface of the distal phalanx of the fourth right finger. The dermometer 
readings are inversely proportional to the skin resistance. Under skin temperature, 
A represents the readings obtained from the plantar surface of the distal phalanx of 
the great toe, B from the medial aspect of the dorsum of the foot, and C from the 
inner aspect of the leg four inches above the internal malleolus. F represents readings 
from the palmar surface of the distal phalanx of the third right finger. 
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Fig. 6 

Under skin resistance, the number indicates the toe examined. The plantar surface 
of the distal phalanx was used in each case. F indicates the readings obtained from 
the palmar surface of the distal phalanx of the fourth right finger. The dermometcr 
readings are inversely proportional to the skin resistance. Under skin temperature, 
A represents the readings obtained from the plantar surface of the distal phalanx of 
the great toe, B from the medial aspect of the dorsum of the foot, and C from the 
inner aspect of the leg four inches above the internal malleolus. F represents readings 
from the palmar surface of the distal phalanx of the third right finger. 
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greatest vasodilatation possible in tliis individual with 
the use ol a chemical block was achieved. At 4:40, 
there was a patchy loss of the appreciation of pin-prick 
on the dorsum of both feet. Complete loss of pin-prick 
sensation eventually rose to the fourth thoracic segment 
at 5 :01 P.M. The remainder of the neurologic examina- 
tion was negative. The systolic arterial prcs.surc fell 
from the control level of 178 to 115 mm. Hg. A tot.al 
of 101 mgm. of procaine was administered over a period 
of 47 minutes. 

Case No. 4 (E. H.) : Age 72, fciiwlc. Avtpulatioii sltniip 
and phantom pain. 

(Figure 5) Previous local nerve section in an attempt 
to ameliorate the pain in the absent right fifth toe, re- 
sulted in high levels of skin resistance in that foot in the 
control period. The vibratory sense was severely im- 
paired during the control period. After obtaining satis- 
factory control levels, 15 ml. of a 0.2 per cent solution of 
procaine were administered between 11 :17 and 11 :20 A.M. 
From then until 11 :S0 A.M., 1.2 mgm. per minute of the 
0.2 per cent solution was administered. Between 11:25 
and 11 :30 A.M. there was evidence of an increase in the 
skin temperature and skin resistance of the feet. The 
skin temperature rose to levels indicative of maximal 
vasodilatation. At 11 :27 A.M. there was a beginning 
loss of appreciation of pin-prick. This eventually rose to 
the eighth thoracic segment. The remainder of the neuro- 
logic examination, including tickle, remained unchanged. 
The systolic arterial pressure fell from a control level of 
185 mm. to 150 mm. Hg. A total of 66 mgm. of pro- 
caine was administered over a period of 33 minutes. 

Case No. 5 (C. P.) : Age 42, male. Differential diagno- 
sis between right seiatie nerve pain and psychoneu- 
rosis. 

(Figure 6) Satisfactory control levels having been 
obtained, 15 ml. of a 0.2 per cent solution of procaine 
were administered from 11 :24 to 11 :27 A.M. From then 
until 11 :57 A.M., 1.6 mgm. per minute of the same 
solution were given. At 11 :35 A.M. there was evidence 
of vasomotor and sudomotor block in both lower extremi- 
ties. The rise in skin temperature of the right foot in- 
dicated maximal vasodilatation while . that on the left 
resembled the curve seen with moderate peripheral vas- 
cular disease of the occlusive type. There was no dor- 
salis pedis pulsation to be felt on that side. The slope of 
the increase in skin resistance was gentler than that seen 
in the preceding patients. At 11 :43 A.M., there was a 
loss of appreciation to pin-prick at the level of the third 
lumbar segment and this rose to the second lumbar seg- 
ment at 11:46. The systolic arterial pressure fell from 
the control level of 161 to 82 mm. Hg. The remainder 
of the neurological examination remained unchanged. A 
total of 75 mgm. of procaine was administered over a 
period of 33 minutes. . 


Cose No. 6 (/. /?.) : Age 42, male. Question of post- 
herpetic neuralgia. 

(Figure 7) At the onset of this period of observation, 
the patient’s lower extremities were quite dry and the 
skin resistance correspondingly high, de.spite the slightly 
higher room temperature than that generally used. A 
higher room tcmi)eraturc could not be used because the 
.skin temperature was already at a level where further 
clc%'ation would compromise the end-point for vasomotor 
block. Thus the sensitivity setting of the dermometer 
had to be set quite high. After obtaining control levels, 
15 ml. of a 0.2 per cent solution of procaine were admin- 
istered between 2 :56 and 3 :01 P.M. From then until 
3:48, 1.6 mgm. per minute of the same solution were 
given. At 3 :04 P.M., there was evidence of a rise in 
skin temperature and skin resistance in both lower ex- 
tremities. The skin temperature rose to levels indicative 
of maximal vasodilatation. The rise in skin resistance 
was less striking and less regular than in any of the pre- 
vious patients. It was thought that further drying oft of 
a foot that is already quite dry might yield such a curve. 
In any case the evidence for a sudomotor block is not so 
clear as in the other cases observed. At 3 :13 P.M., there 
was a loss of the appreciation of pin-prick to the level of 
the tenth thoracic segment. This eventually rose to the 
second thoracic segment at 3 :38 P.M. The rest of the 
neurological examination remained unchanged. A total 
of 105 mgm. of procaine was administered over a period 
of 52 minutes. 

Case No. 7 (/. hi.) : Age 21, male. Right inguinal hernia. 

(Figure 8) A full spinal block was performed in this 
patient. He was quite apprehensive, since this procedure 
was performed immediately prior to operation. All pre- 
medication had been omitted for the purposes of this 
experiment. The room temperature was the highest used 
for any experiment in this scries, and the patient’s ex- 
tremities were all obviously moist. The sensitivity set- 
ting of the dermometer thus had to be made quite low in 
order to bring the needle deflections within the readable 
scale. At 11:11 A.M., during the control period, the 
particular surgeon whom the patient knew was to per- 
form the operation, came into the room and announced 
that they were ready to start. At 11:13 there was a 
sharp fall in the skin resistance. At 11:17, 100 mgm. of 
procaine in 4 ml. of cerebrospinal fluid were injected into 
the subarachnoid space at the third lumbar interspace. 
This was followed by the administration of 0.4 ml. per 
minute of a 0.5 per cent solution of the same agent. At 
1 1 :21 there was evidence of vasomotor and sudomotor 
block. The skin temperature of the feet rose to levels 
indicative of maximal vasodilatation, and the skin re- 
sistance rose sharply. The patient was not followed 
closely thereafter, but inasmuch as the operative proce- 
dure was completed without discomfort to the patient and 
with adequate muscular relaxation, it is likely that the 
full block was that as usually seen. At the end of the 
period of observation (11:32) the patient’s blood pressure 
had risen about 5 mm. Hg. 
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Fig. 7 

Under skin resistance, the number indicates the toe examined. The jilantar surface 
of the distal phalan.x was used in each ease. F indicates the readings obtained from 
tlic palmar surface of the distal phalanx of the fourth right finger. The dermometer 
readings are inversely proportional to the skin resistance. Under skin temperature, 
A represents the readings obtained from tfie plantar surface of the distal phalanx of 
the great toe, B from the medial aspect of the dorsum of the foot, and C from the 
inner aspect of the leg four inches above the internal malleolus. F represents readings 
from the palmar surface of the distal phalanx of the third right finger. 
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Fig. 8 

Under skin resistance, the number indicates the toe examined. The plantar surface 
of the distal phalanx was used in each case. F indicates the readings obtained from 
the palmar surface of the distal phalanx of the fourth right finger. The dermometer 
readings are inversely proportional to the skin resistance. Under skin temperature, 
A represents the readings obtained from the plantar surface of the distal phalanx of 
tile great toe, B from the medial aspect of the dorsum of the foot, and C from the 
inner aspect of the leg four inches above the internal malleolus. F represents readings 
from the palmar surface of the distal phalanx of the third right finger. 


DISCUSSION 

The data just presented indicate that pregang- 
lionic sudomotor fibers are blocked by the concen- 
tration of procaine which results from the dilution 
of the 0.2 per cent solution introduced in the 


amounts stated above. They are apparently 
blocked simultaneously with the preganglionic 
vasomotor fibers and either preceded or followed 
by a block of fibers concerned with the appre- 
ciation of pin-prick. This concentration of the 
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agent leaves unaffected the fibers, mediating posi- 
tion sense, vibratory sense, touch, deep pressure, 
and motor power, insofar as this is reflected b}'- 
the neurological examination used. The data 
presented here may be considered confirmatory of 
the 'preliminary report recently published (1). 

In the two patients of this series in whom tickle 
was tested, the sensation was unimpaired at a 
time w'hen there was a complete loss of the ap- 
preciation of pin-prick. Three subsequent pa- 
tients have been studied in regard to this modal- 
ity. In one of these there was no impairment, in 
one there was partial impairment, and in one there 
was complete loss. .|t -would seem_ therefore, that 
alth^g h this moda lity is distinct from that of 
appreciation_oLpin-prick, ^e fiber that subserves 
ft js-mo re nearly like .that of the pain fiber in size 
and myelination than are the fibers subserving 
motor power, position sense, touch, and vibratory 
sense. 

The degree of myelination and fiber size of the 
various components of spinal nerves have been re- 
viewed by Ransom ( 13) . He states that efferents 
to skeletal muscles are myelinated fibers, which 
are, for the most part, of large caliber. Touch is 
mediated by larger myelinated fibers, while pain is 
mediated by the fine myelinated or unmyelinated 
fibers. It is also stated that proprioceptive fibers 
are myelinated. Sympathetic fibers (efferent) are 
all finely myelinated (14). 

If the assumption is made that the centrally 
directed axones from the spinal ganglia are simi- 
lar to those of the peripheral axones, the data here- 
with presented would seem to be in accord with 
accepted morphologic data. One important ex- 
ception has been noted (11) in that it has been 
found that the knee kicks and ankle jerks dis- 
appear at a time when position sense is unim- 
paired. This would make it seem that the stretch 
afTcrcnts differ from other proprioceptive fibers in 
that they are relativelj' small unmyelinated fibers. 
It should be emphasized that these data are sig- 
nificant only for the subarachnoid portion of the 
spinal nerves. 

It was previously stated that a differential 
jhPlihi without motor loss, induced a degree of 
upotension similar to that seen in full or undif- 
erentiated spinal block (1). This was inter- 
preted as meaning that muscular paralysis and the 
^cnular stasis that supposedly follows it contrib- 


ute little to the hypotension of spinal anesthesia 
in the horizontal position. With one exception, 
the falls in arterial pressure seen in the patients 
of this series subjected to a differential block were 
of the same order of magnitude as those seen after 
full spinal block. This one exception (Case 
D, M.) failed to have a fall with a full spinal block 
as well, and indeed, had a slight rise. The nature 
of this patient’s response is not clearly under- 
stood. . 

The t echnic of differential spinal b loc k is not 
to J^e construed , as an anesthetic procedure. 
Rather, it has proved useful in the investigation 
of problems concerned with the peripheral nervous 
system such as amputation stump and phantom 
limb pain (9). The technic has yielded interest- 
ing information in patients with intestinal dyski- 
nesia and colonic atony. Since somatic motor 
paralysis is not present, one may introduce 
amounts of procaine solution high enough in the 
spinal canal to be sure of blocking all visceral 
efferents to the intestinal tract (10). 

In a recently concluded study, the knee kick, 
ankle jerk and abdominal reflexes were examined 
in rivelve patients under the influence of a differ- 
ential spinal block as described above. It had 
previously been thought that position sense and 
the stretch afferents w'ere, b}"- and large, subser\"ed 
by the same group of proprioceptive afferent 
fibers. That this is not the case is indicated b}' 
the fact that these reflexes were abolished in every 
case while position sense remained unchanged 
( 11 ). 

It had previously been demonstrated that the 
undifferentiated type of spinal block confers bene- 
fit upon the patient suffering from pulmonary 
edema due to cardiac decompensation (12). It 
w'as thought that the arteriolar dilatation would 
diminish the resistance against which the left ven- 
tricle would have to -work, and also that the pool- 
ing of blood in the periphery would significant!}' 
diminish the return flow to the right heart. The 
drawback to the procedure as it was practised at 
that time is that a partial intercostal paralysis ac- 
companied the peripheral pooling effect. This 
was felt to be hazardous in tlie dyspneic patient in 
need of full respirator}' excursions. The technic 
of differential spinal block, however, allows one to 
induce the peripheral vasodilatation witho'jt the 
intercostal paraly.sis. Two patient.s have been so 
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treated and responded with a convincing clinical 
improvement. This was temporary in one. In 
one of these patients arterial and venous oxygen 
determinations were performed and clearly con- 
firmed the clinical impression. 

Previous data (1) demonstrated that it was 
possible to produce a chemical sympathectomy of 
the upper as well as the lower extremity by means 
of a differential spinal block. From the above data 
it can be seen that the degree of vasodilatation in- 
duced with the differential spinal block is equiva- 
lent to that induced with a full spinal block. It 
should therefore be useful as a prognostic technic 
Jn patients with peripheral vascular disease. 

( ' At the present time a differential spinal block is 
/ performed almost routinely preoperatively in hy- 
pertensive patients. Since the technic is essen- 
j tially a reversible sympathectomy, an attempt will 
; be made to ascertain whether or not the fall in 
. blood pressure induced by the block will corre- 
I spond to that accomplished by sympathectomy. 

1 An interesting but as yet unexplained side effect 
noticed in about one-third of patients is the obser- 
vation that they become distinctly somnolent at a 
time when procaine is high in the spinal canal. 

If the basic assumption is correct, and we be- 
lieve it to be so, that relative susceptibility to 
graded concentrations of the anesthetic agent de- 
pends upon fiber size and degree of myelination, 
then the above data are indicative of the nature of 
the preganglionic sudomotor fibers. Such a con- 
clusion, based upon this type of clinical evidence, is 
in agreement with the early observations of Gaskell 
(14) who demonstrated that preganglionic sympa- 
thetic efferents were morphologically indistin- 
guishable from one another. 

SUMMARY 

1. Preganglionic sudomotor fibers in the sub- 
arachnoid space are blocked by the introduction of 
appropriate amounts of 0.2 per cent procaine hy- 
drochloride. 

2. The onset of the sudomotor block is simul- 
taneous with the paralysis of the preganglionic 
peripheral vasoconstrictor fibers. This is either 
preceded or followed by a block of fibers con- 
cerned with the appreciation of pin-prick. 

3. The preganglionic sudomotor fibers are sus- 
ceptible to a concentration of anesthetic agent 


which leaves motor, touch, deep pressure, vibra- 
tor}-^ sense, and position sense fibers intact. 

4. Fibers subserving the tickle sensation are 
generally unaffected and are distinct from those 
mediating pain. 

5. The role of muscular paralysis in the genesis 
of the hypotension seen with spinal anesthesia 
must be very limited. 
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A stud 
nesium, (' 
severe d) 
of the f3^~ 

( 1 , 2 . si 

or total I' 
bases, / 
(S) are' 
tions ofj 
tients 



— -.mer and Tisdall (7) cobalti- 
y the Clark and Collip (8) 
method, and magnesium and 
ethods from this laboratory (9, 
in fractions and total protein 
— aethod of Kingsley (11), the 
power by the Van Slyke (12) 
IS M.eq. of bicarbonate, non- 
~'ethod of Peters and Van Slyke 
the method of Benedict (14). 
calculated from the mass action 


would throw light on some or iiit" 
symptoms and signs which occur during and fol- 
lowing therapy for diabetic acidosis. 


V - *re ') 

(Calcium Proteinate) 

(pK Calcium Proteinate = 2.2) (lS).f 


MATERIAL 


Total protein was converted to grams per 1000 grams 
H;0 by the formula: 


Fourteen patients, ranging from ages I2-d9, who entered 
the hospital in severe diabetic acidosis (carbon-dioxide com- 
bining power expressed as milliequivalents of bicarbonate, 
under 9 milliequivalents) were studied. All of these pa- 
tients survived with the exception of a Sd-year-old woman 
who died within 30 hours, with unexplained hyperpyrexia 
and morbilliform rash. Post-mortem examination did not 
contribute to the solution of the problem, although virus 
studies are not yet completed. Serial determinations of 
serum potassium, sodium, calcium, magnesium, and total 
protein were made on all patients, in addition to the usual 
determinations of blood sugar, carbon-dioxide combining 
power, and non-protein nitrogen. In seven of the patients 
pH, and albumin and globulin fractions were also deter- 
mined. Phosphorus levels determined as inorganic phos- 
phate were run on two patients. 

METHODS 

T1.C pH was determined on venous blood by the use of 
1 1 C Beckman pH meter, scrum sodium by a modification 
of the zinc uranyl acetate method of Barber and KoUhoff 


Since the preparation of this manuscript a report of 1 
^hwt in diabetic acidosis who developed low potassium 
c\ c s^ (2.5 milliequivalents) during therapy, which were 
associated v,ith respiratory’ paralysis, and which responded 

0 potassium intravenously, has appeared. Holler, Jacob 

f a- defidcnc}’ occurring during the treatment 

01 diabetic acidosis. J. A. A., 19-!6, 13, 1186. 


grams water per 100 ml. = 99-0.75 

X protein (grams per 100 ml.) (16) 

and albumin and globulin fractions corrected accordingly. 

The base combining capacity of the albumin and globu- 
lin were calculated at each pH, using the values of Van 
Slyke, et ol. (17). 

M.eq. Base per grams albumin = 0.125 (pH— 5.16). 

M.eq. Base per grams globulin = 0.077 (pH — 4.89). 

RESULTS 

Table I shows the changes in electrolytes, blood 
sugar, carbon-dioxide combining power, and non- 
protein nitrogen, correlated with treatment 
(amount of insulin, fluids, sodium, and glucose), 
and with the clinical state. 

Certain genera! features appear from inspection 
of this table: 

1 . The marked acidosis, and hemoconcentration ' 
on entry. The total protein concentration 
was used as a gauge of hemoconcentration. 

2. The fall in serum potassium concentration 
during therapy. In some patients the values 
reached critically low levels — 1.9 and 2.18 
.M.eq. 
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TAIILE I 

Correlation of chemistry, treatment and clinical state 
No. 1, Patient T. B., Colored Female, 19, No. 683-1 1.3 


Time 

Blood chemistry 

Treatment 

Clinic.il 

state 

D.iy 


1 

1 

! 

Na 

Ca 

Mr 

j Scrum protein 


I 

IlCOi- 

NI’N 

Ther.npy between lira, liated. with 

24 hr. Fiimmary(l) 

Alb. 

Glob. 

Tot.al 

Sugar 

N.S.(2) 

.M/6 Na' 
l.iet.atc 

S/c Rlucose in 

Plasma 

Insulin 


1 

1 

\t,u' 

mrg. 

meQ. 

tfiCQ. 

meQ. 

grams 

per 

cent 

Per 

cent 

grams 

per 

cent 

mgm, 

per 

cent 

mcQ, 

tngfti, 

per 

cent 

1 

liters 1 

liters 

X.S. 

tit 

fM 

rrs 

liters , 

1 

1 

units (3) 

t 

0 

7.0S 

6.72 

152 

5.25 

1.98 

5.9 

3.4 

9.7 

545 

7.5 









7.29 

5.42 

161 

1 

4.65 

1 

1.16 

4.7 

1 

2.6 

7.3 

230 

9.5 

1 


2 

B 

1 



no 

Conscious 

21 

1 

i 

B 

B 

B 

B 



117 

22.0 



2 


.65 

(10%) 


90 


24 


B 















30 




■ 

B 

■ 

■ 

■ 

■ 






5.650 ml. fluids; 18-3 Rrams Na: 

115 prams plucosc: 230 units insulin 


2 

i 

7.5S 

3.20 ' 

i 

158 

4.80 

0.56 

3.9 

2.0 

5.9 






1 



80 

Muscle 

aches 

3 


7.55 

4.56 

160 

4.70 

1.40 

3.6 

1.9 

5.5 






1 

i 


60 


4 


7.58 

4.56 

160 


1.48 

4.1 

2.1 

6.2 






1 



60 



No. 2, Patient A. B., White Male, 69, No. 723-522 


1 

0 









618 

8.0 

65 








2 

7.28 

5.38 

138 

4.35 

1.47 

3.5 

2.3 

5.8 

452 

10.0 

48 

1 





80 

Conscious 

20 

7.60 

1.90 

142 

4.30 

1.06 

3.1 

1.8 


97 

24.0 

1 

1.3 

GI.(4) 


1 

2 


225 


24 

■ 

B 

B 

m 

B 

m 

B 


1 

i 

1 






15 




B 

B 

B 

B 

B 

i 

1 





5.350 ml. fluids; 11.8 grams Na; 

175 grams glucose; 320 units insulin 


2 

3 

1 

7.65 

2.77 

142 

4.40 

1.39 

3.0 

1.9 

4.9 









35 

Marked 

weakness 

20 

7.63 

2.18 

152 

4.30 

1.47 

3.1 

1.9 

5.0 












7.59 

3.36 

153 

4.25 

1.39 

3.0 

1.9 

m 









20 


4 


7.60 

5.13 

151 

4.45 

1.56 

3.1 

2.1 

5.2 








1 

30 


5 


7.57 

6.64 

145 

4.40 

1.23 

2.8 

1.8 

4.6 









30 


6 


7.52 

4.31 

156 

4,75 

1.31 

3.5 

2.2 

Wm 









60 


7 


7.55 






1.9 

5.1 





1 




60 



No. 3, Patient H. C., White Female, 56, No. 964-879 


i 



H 

147 

4.90 



2.9 

8.0 



38 



1 

1 



Deeply 

comatose; 

shock 

■ 

m 

7.22 



5.30 

1.83 1 

1 


2.4 

6.8 

204 

19.0 

45 

2 

1 

3 


1 

205 







i 







7,000 ml. fluids; 21.5 grams Na; 

150 grams glucose; 205 units insulin 

Death 

1 


(1 ) Includes only intravenous fluids given between the hours listed. 

(2) Isotonic saline. 

(3) Insulin in first 24 hours was crystalline zinc insulin given in divided doses every 1-3 hours. On remaining days 
total includes crystalline zinc and protamine zinc insulin. 

(4) 50 ml. 50 per cent glucose in water. 
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TABLE I — Cmlinued 

No. 4, Patient E. S., White Female, 19, No. 962-393 



Na 

Ca 

1 

Mg 

j meq. 

meq. 

meq. 


Blood chemistry 


Serum protein 


‘Sugar HCOi- NPN 


I 


Therapy between hr». listed, with 
24 hr. guinmary(l) 


grams grams gyams mgm. mg 

per per Per meq.. pe 

cent cent cent cent cei 


N.S.(2) 

M/fi Na 
lactate 

liters 

liters 


Clixucal 

state 


7.49 2.20 150 5.00 U1 4.3 1.9 6.2 172 16.5 035 1 & 

Gl.(5) 





6,950 ml, fluids; 20.9 grams Na; 
200 grams glucose; 720 units insulin 


2 7.51 3.85 164 4.90 1.8S 3.9 1.8 5.7 130 173 


3 


732 3.49 ISS 3.55 I.IS 3.5 1.6 5.1 


130 

17J 

372 

17.0 



37 733 6.1$ 



139 5.2 


No. 5, Patient B. M., White Male, 19, No. 968-418 



No. 6, Patient N. W., White Female, 44, No. 319-307 





f61 1 W glucose in water added to the 1/6 M sodium lactate. 

KO) i.U ml. SO per cent glucose in tr-ater added to the 1/6 M sodium lactate. 
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TABLE I — Continued 

No. 7, Patient T. A., White Male, 17, No. 31-034 


Blood chemistry 


Serum protein 


Treatment 


Therapy between hrs. listed, with 
24 hr. summary(l ) 



Clinical 

state 



No. 8, Patient A. D., White Female, 39, No. 954-618 




No. 10, Patient F. C., White Male, 12, No. 211-641 



(7) 2i per cent glucose in water given subcutaneously. 








































































































































































BASE LEVELS IN DIABETIC ACIDOSIS 


221 


TABLE I — Continued, 

No. 10, Patient F. C., White Male, 12, No. 211-^il— (continued) 


Time Blood chemistry I Treatment 





No. 13, Patient J. W., White Male, 13, No. 949-854 
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3. Slightly low to normal sodium levels on en- 
try, indicating with the hemoconcentration 
decreased total circulating sodium. 

The relative constancy of the sodium con- 
centrations during therapy, despite the use of 
large amounts of sodium intravenously — 
10.5-27.5 grams. 


4. The magnesium levels on entry were normal 
or elevated. There was a striking fall of 
concentration with the therapy of the first 
24 hours. Values as low as 0.56-0.82 M.eq. 
were obtained. 

5. The majority of the calcium concentrations 
fell within the normal range, although four 



Fig. 1. Serum Potassium Levels During Therapy for Diabetic Acidosis 
* Numbers of patients correspond to numbers in Table I. 
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Fig. 2. Correlation or Changes in Serum Potassium, Phosphorus, and Blood Sugar Levels During 

Therapv for Diabetic Aawsis 

* Numbers of patients correspond to numbers in Table I. 

* Phosphorus calculated as HPO^=. 


patients had levels under 4 M.eq. Small 
drops in concentration also occurred with 
therapy. 

6. The wide range of blood sugar level on en- 
tr)" — ^285 to 1,092 mgm, per cent (5 patients 
had levels over 800 mgm. per cent), with 
carbon-dioxide combining power below 9 
M.eq. (7 patients had values below 4.5 
M.eq.). 

7. The wide range of insulin requirement in 
the first 24 hours — 110 to 1,000 units. 

8- The large amount of parenteral fluid — 1 to 
12 liters — given in the first 24 hours, with 
variation in amount of sodium from 10.5 
grams to 27.5 grams, and glucose from 39 
to 350 grams. 

9- The clinical state varied from coma to con- 
.'^ciousncss, and 5 of the 14 patients were in 
shock. 


The same general ti'pe of electrolyte changes 
occurred regardless of the amount of insulin, 
fluids, sodium, or glucose given in the first 24 
hours, the rapidity of fall of the blood sugar, or 
the presence or absence of coma or shock. 

More detailed analyses of the changes in the 
potassium levels are given in Figure 1. This 
figure demonstrates that the lowest point in potas- 
sium concentration usuall}' occurred within the 
first 24 hours. Not enough serial determinations 
were made to determine the exact time of the low- 
est level, and this ma\' vary from patient to pa- 
tient, but it was usually between 12 and 24 hours. 
Within 2 to 3 days, the potassium concentrations 
had returned to normal levels, although in ser’cral 
patients this was delayed for several more days. 
Potassium concentrations as seen in Figure 1 were 
usually slightly elevated on entrr- in the majority 
of instances. There was no definite correlation 
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between the rate of fall of the blood sugar, or the 
total amount of insulin and fluids given in the 
first 24 hours and the degree of lowering of the 
serum potassium. However, Figure 2 shows the 
close correlation in two patients (T. B., No. 1, 
Table I, and A. B. No. 2, Table I) between fall 
in blood sugar, inorganic phosphate and potassium 
levels. 

Table II summarizes the range of potassium 
values found. It is seen that 6 patients (46 per 
cent) had low potassium values (under 4 M.eq.) 
and 8 patients had elevated levels (over 6 M.eq.). 
As it was not always possible to follow some of 
these patients during the first 24 hours, due to 
entry on holidays or at night, some abnormalities 
of potassium levels were doubtless missed. 


TABLE II 

Range of scrum potassium levels in 13 patients 


Potassium level 

Number of 
patients* 

Per cent of 
patients 

mcq. 


Per cent 

1-3 

2 

IS 

3-4 

4 

31 

t 

Summary of low values 

6 

46 

6-9 

7 

55 

94- 

1 

8 

Summary of high values 

8 

63 


* The same patient may be represented under both low 
and high levels. 


Two of the patients complained spontaneously 
of marked muscle weakness after therapy. Both 
showed low serum potassium concentrations at 
the time. 

While the majority of the calcium concentra- 
tions fell within the normal range, it was felt that 
with the fluctuations in pH and albumin and 
globulin levels the ionized calcium values might 
show more variation. The relationship between 
the calculated ionized calcium values and the total 
calcium concentrations is given in Table III. 
While the calculated ionized calcium levels tend 
to follow the fall and rise in total calcium concen- 
trations this is not a constant relationship. This 
is illustrated by patient B. M. No. 2, Table III. 
With a total calcium concentration of 5.7 M.eq. 
the calculated ionized calcium was 2.25 M.eq. or 
39 per cent of the total calcium. With a total 


TABLE in 

Relationship between total and calculated ionized 
calcium la-els 


1 

Patient 

1 

Total calcium 

Calculntcd 
lonlrcd cal- 
cium 

Cniculnlcd 
ionized cai- 
ciiim. per cent 
of total 
calcium 



rttrq. 

per eenl 

E.S. No. 4* 

5.20 

2.45 

47 


5.00 

2.40 

48 


5.15 

2.30 

45 


4.90 

2. .30 

47 


3.55 

1..35 

38 


4.95 

2.05 

41 

B.M. No. 5* 

5,70 

2.25 

39 


4.40 

2.05 

47 


4.85 

2.10 

43 

T.B. No. 1* 

5.24 

1 2.15 

46 


4.64 

2.05 • 

44 


4.80 

2,20 

1 46 


4.68 

2.25 

48 


4.98 

2.25 

45 


• Tabic I. 


calcium of 4.4 M.eq. the ionized value was 2.05 
M.eq. or 47 per cent of the total. 

Magnesium concentrations fell markedly during 
therapy, particularly during the first 24 hours, al- 
though in some instances the maximum fall oc- 
curred later. Even after several days, the mag- 
nesium concentrations had not returned to the 
normal level in the majority of the patients. The 
range of serum magnesium levels is given in Table 
IV. Forty-one of the 67 determinations (61 per 
cent) in the 14 patients were below normal, while 
11 (16 per cent) were elevated. Five patients 
showed very low levels — under 1 M.eq. 

Correlation between the state of consciousness 
and the level of magnesium at entrance was found, 

TABLE IV 


Range of scrum magnesium levels in 14 patients 



Magnesium 

levels 

Number of 
determina- 
tions at level 
indicated 

Number of 
patients(l) 

Very low 

mcq, 

0.66-1.00 

5 

5 

Low 

1.00-1.50 

36 

13 

Normal (2) 

1.50-1.92 

IS 

11 

Slightly elevated 

1.92-2.30 

4 

3 

High 

2.30-3.30 

7 

5 


(1) The same patient may be represented under each 
level due to changes in concentration with therapy. 

(2) The normal range for the method used — 1.50 to 1.92 
miiliequivalents. 
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although none of the values obtained was abnor- 
mally high. Three of the patients with magnesium 
levels over 2.5 M.eq. were in deep coma; one was 
stuporous. All eight patients with magnesium 
levels under 2.5 M.eq. on entry were conscious. 
There was no correlation between the level of 
magnesium at entrance and the presence or ab- 
sence of hemoconcentration, 

DISCUSSION 

Some of the changes in the potassium, calcium, 
and magnesium levels are undoubtedly due to 
hemoconcentration or dilution, although study of 
Table I will show that many of the changes bear 
no direct relationship to this factor. The concen- 
tration of electrolytes at any one moment, regard- 
less of total circulating amount, conditions many 
of their physiologic functions. This is well at- 
tested by the striking changes in the T waves in 
the electrocardiogram with changing levels of 
serum potassium (18). It has also been demon- 
strated that the total circulating amount of any 
electrolyte, particularly sodium, may be important, 
as seen in the clinical improvement in patients with 
Addison’s disease after salt therapy, even before 
the serum sodium concentrations return to nor- 
mal (19). In general the importance of potas- 
sium, calcium, and magnesium in many biologic 
functions has been adequately reviewed (20, 21, 
22 ), 

The marked drop in serum potassium is the 
most striking of the electrolyte changes noted and 
has not been stressed previously. The level of 
1.9 M.eq. found in one of our patients is, to our 
knowledge, the lowest level mentioned in a dia- 
betic. Very low levels of serum potassium have 
been reported in several conditions: sprue — 1.1. 
M.eq. (23) ; familial periodic paral}’’sis — 1.3 M.eq. 

(24) ; Addison’s disease with therapy — 2.9 M.eq. 

(25) . 

In diabetes there are several factors relevant 
to the problem which are knowm to effect the 
scrum potassium levels. Potassium moves in or 
out of the cell fairly' closely with phosphorus and 
nitrogen during periods of either tissue catabolism 
or anabolism (26, 27). With periods of excess 
tissue breakdown, there is increased urinary ex- 
cretion of potassium ; and, conversely, during pro- 
tein storage there is decreased urinaiy excretion 


of potassium. Administration of certain hor- 
mones, _ or their lack due to disease, can cause such 
shifts in potassium and nitrogen. Testosterone 
(28) causes protein anabolism and decreased po- 
tassium excretion in the urine, while desoxycorti- 
costerone acetate (19) causes increased urinarj' 
excretion of potassium, and decreased extra- and 
intra-cellular potassium concentrations. Lack of 
insulin is known to lead to tissue breakdowm and 
a negative nitrogen balance with loss of large 
amounts of potassium in the urine (5). Adminis- 
tration of insulin leads to a positive nitrogen bal- 
ance and decreased urinary potassium excretion 
(5). As the blood levels of potassium and uri- 
nary excretion of potassium (and phosphorus) 
decrease after insulin, it has been suggested (28) 
that there is an increased intracellular level of 
potassium and phosphorus, possibly without in- 
crease in muscle mass. This possibility must re- 
main a suggestion, however, until determinations 
of intracellular levels of potassium are made in 
man following insulin therapy and until the 
amount which may shift into the liver can be de- 
termined. In the normal individual, as well as 
the diabetic, insulin is known to decrease the 
serum potassium levels (4, 29, 30). The exact 
mechanism of this action of insulin on serum 
potassium is not known, but it has been suggested 
that it is correlated with shifts of glucose and 
phosphate into’ the cell, for formation of a potas- 
sium hexosephosphate (see Figure 2), or into the 
liver in glycogenesis (4, 29, 31, 32). 

Another condition that may possibly decrease 
serum potassium levels in severe diabetic acidosis 
is the nse of large amounts of intravenous saline. 
Administration of large r^olumes of fluid parenter- 
all}’ (isotonic) (33) causes loss of some potassium 
in the urine with the loss of large amounts of 
sodium. Whether this factor is counterbalanced 
in diabetics by the effect of insulin in decreasing 
urinarj' potassium e.xcretion has not been studied. 

Clinically the feature that impressed us as re- 
lated to the low levels of scrum potassium was the 
marked muscle weakness exhibited by several pa- 
tients. One of these patients, following a minor 
insulin reaction, which was treated promptly, 
showed striking generalized muscle weal.'nc.ss and 
letharg}'. In many respects she rcse.mbled the pic- 
ture seen in familial periodic paralysis. All pa- 
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tients showed clinical iinprovcinent in muscle 
strength with rise in serum potassium levels. The 
relationship between muscle weakness, intracellu- 
lar and extracellular potassium levels is still not- 
settled. Following the use of testosterone, the 
serum potassium may drop to very low levels, 
with increased or normal intracellular potassium, 
and no associated muscle weakness (28). Dcs- 
oxycorticosterone acetate therapy, if excessive, 
causes marked loss of potassium, and decreased 
intracellular potassium concentrations, and is as- 
sociated with marked muscle weakness (25). In 
familial periodic paralysis (24) and diabetes with 
low serum potassium levels there is also marked 
muscle weakness. The drop in serum potassium 
concentrations, with decreased urinary excretion 
during insulin therapy, may be theoretically asso- 
ciated with either increased or decreased intra- 
cellular levels, depending on whether the shift is 
predominantly into the cells, or into the liver in 
intermediary carbohydrate metabolism and gl}’- 
cogen formation. That there are other factors 
involved in muscle strength beside intracellular 
potassium levels has been demonstrated experi- 
mentally in rats, who despite very low levels of 
muscle potassium, were still able to swim (34). 

On entry, many of the patients showed elevated 
levels of potassium. Most of this, rise in concen- 
tration can be explained on the basis of hemocon- 
centration. Another factor is decreased renal 
function secondary to shock which may occur in 
diabetic acidosis. 

The calcium concentrations were maintained at 
normal or slightly low normal levels in most in- 
stances, despite the fact that in diabetic acidosis 
there is increased urinary excretion of calcium 
(5). Total circulating calcium is presumably 
depleted. As many diabetics show marked osteo- 
porosis, periods of negative nitrogen balance and 
acidosis may be pathogenic factors. The lack of 
constant correlation between total calcium concen- 
tration and percentage ionized fraction is impor- 
tant, as the ionized fraction determines many of 
the physiologic effects of calcium, such as the 
length of the electrical systole of the heart. This 
suggests that both values should be determined. 

The mechanism of the marked drop in mag- 
nesium concentrations during insulin therapy has 
not been studied. Possibilities include changes in 


urinaiy excretion or use in carbohydrate metab- 
olism with insulin therapy. It should be noted, 
however, that the amount of magnesium necessary 
for coenzyme action in the phosphorylation of glu- 
cose would appear to be too small to account for 
the marked changes observed. It is interesting, 
but not conclusive, that there was some correla- 
tion in our series between levels of consciousness 
and the magnesium concentrations at entry. How- 
ever, at levels similar to those found in our coma- 
tose patients, many individuals ap|)car to have no 
effects or clinical symptoms. .Mso, many factors 
presumably contribute to the state of coma, and 
no one chemical factor is entirely responsible. 

The therapeutic implications of these findings 
are important. The occurrence of low potassium 
levels after therapy in 46 per cent of the patients, 
and ver}- low magnesium levels in 36 per cent of 
the patients, suggests that these patients should 
receive potassium and magnesium salts as an ad- 
junct to other therapy. The warning should be 
given, however, that a diabetic patient in shock, 
with decreased renal function, should not receive 
potassium therapy because of the danger of pro- 
ducing dangerously high blood levels (35). This 
is true also for magnesium. The presumed de- 
crease in total circulating calcium and occasional 
decreases in the percentage ionized fraction sug- 
gest that these salts should be beneficial, too. 

summary 

The results of determinations of potassium, 
magnesium, and calcium levels in 14 patients in 
severe diabetic acidosis are given. 

Forty-six per cent of the patients showed a 
marked fall in serum potassium levels during ther- 
apy. In several patients this was associated with 
marked muscle weakness. It is suggested that 
this fall may be related to the effect of insulin on 
nitrogen storage and urinary excretion of potas- 
sium, and the carbohydrate cycle with passage of 
glucose, phosphorus, and potassium into the mus- 
cle cell, or into the liver in glycogen formation. 

There was no constant correlation between total 
calcium concentrations and the ionized fraction. 
While the concentrations of calcium on entry were 
usually within the normal range, total circulating 
amount was presumably decreased, in view of the 
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hemoconcentration present. This may be a factor 
in osteoporosis. 

There was a marked fall in serum magnesium 
concentrations in 36 per cent of the patients dur- 
ing therapy, and the levels returned very slowly 
to the normal range. No explanation can be given 
for this change. Elevated magnesium levels may 
play a role in the production of coma. 

The therapeutic implications of^these findings 
are discussed. 
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INTRODUCTION 

The incidence of gangrene associated with a 
wide variety of injuries, in which infection is not 
a primary factor, continues to present problems 
of treatment at all levels of handling military 
casualties from the front line dressing stations to 
the large general hospitals. Gangrene results from 
injury due to freezing, prolonged exposure to wet 
and cold without freezing (immersion or trench 
foot), burns and vascular occlusion. It seems 
probable that the fundamental factors responsible 
for the appearance of gangrene are similar in all 
of these cases. A more detailed examination than 
has previously been made of the primary mecha- 
nisms by which gangrene is produced, and the 
steps which may be taken to prevent its occur- 
rence, may have wide application to the general 
problem of the prevention and treatment of gan- 
grene, irrespective of the primary injury. 

Local injury resulting from exposure to cold 
may take one of several different forms depending 
chiefly upon the temperature to which the part is 
exposed. Injury occurring after relatively brief 
e.xposure to severe cold, in which the skin and 
sometimes deeper tissues are actually frozen, will 
be referred to as "frostbite” (1). It is this type 
of injurj' with which this series of papers is pri- 
marily concerned. Exposure to milder degrees of 
cold, especially for long periods of time and under 
conditions favoring rapid transfer of heat from 
the body, results in a type of cold injury in which 
no actual freezing of tissue occurs. This "trench 
foot" or “immersion foot” type of injury is not 
specifically considered in this study, although it is 
recognized that the fundamental features of both 
may be similar, 

* The rvork described in this paper was done under a 
contract recommended by the Committee on Medical Re- 
search, between the Office of Scientific Researcli and De- 
velopment and Stanford University. 


The present investigation is an attempt to an- 
alyze the factors responsible for the production of 
gangrene following freezing (frostbite) and to ex- 
amine methods of treatment of frostbite which are 
designed to prevent the appearance of gangrene or 
to reduce its extent. We have not been directly 
concerned with the surgical management of gan- 
grene following cold injury or with nen’^e and 
vascular abnormalities which persist after the 
acute stages following injury by cold. 

SUMMARY OF AVAILABLE PROCEDURES FOR PRODUC- 
ING EXPERIMENTAL FROSTBITE 

Before it is possible to conduct an adequate 
study of methods for the treatment of gangrene 
following experimental frostbite, it is necessary 
first to obtain reproducible degrees of injury in 
experimental animals. A variety of methods have 
been used by previous workers for producing 
frostbite injury. Since in many cases the results 
are, to a large degree, dependent upon the method 
used for producing the frostbite, the available 
methods will be reviewed briefly. 

1. Liquid immersion. Some of the first observations 
on the pathology of frostbite injuir, made by Cohnheim 
(2), were carried out on rabbits’ ears frozen by immer- 
sion in cold liquids. Lake (3) used liquid immersion in 
a study of experimental frostbite. Fell and Hansclman 
(4) produced shock in dogs by freezing the legs in CO; 
and alcohol. Recently Lange and Boyd (5) produced 
frostbite by liquid immersion, but the limb was first in- 
serted into a boot of thin rubber to protect it from wet- 
ting, These authors refer to this procedure as "contact 
cooling.” 

2. Sprays. In early work Rischpler (6) and others 
(7) utilized ether spray for producing cold injury. Sprays 
of ethyl chloride have been used extensively by the Rus- 
sian investigators Ariev (8, 9, 10) and Orlov (11). 

3. Cold air. Exposure of a limb to moving cold air 
most nearly approximates the conditions under whidi 
frostbite of face, ears, and liands occurs. .Aries- ( 12) an-i 
Ariev and Esberg (9) have reported results obtained by 
the use of this metliod. Grcc.nc (13) obtai.ned a "stand- 
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arcl frostbite” of mouse tails by tlie use of a small chamber 
containing the tail, surrounded by a larger chamber fdlcd 
with solid carbon dioxide. 

4. Direct contact zvitli cold solids. Prccoolcd metal 
bars were applied to the skin by Lewis and Love (14) for 
the production of cold injury. The direct application of 
solid carbon dioxide to the skin was used by Harkins and 
Harmon (IS) and Tittel (16) and beakers containing 
solid carbon dioxide were used by Lange and Boyd (5). 

The method selected for the production of quantitative 
frostbite should be one which is applicable to fingers and 
toes, since injuries in man most often involve these parts 
(12, 7). Uniform cooling of all surfaces of these parts is 
difficult by means of the direct application of cold solids. 
The spraying of volatile liquids upon the skin of appen- 
dages is also difficult to control in e.xtcnt and might be 
expected to be much more variable in effect than cold air 
or liquid applied directly. While it is true, as Ariev 
points out, that cold air is most nearly comparable to the 
conditions under which frostbite sometimes occurs in man, 
it does not seem so suitable as liquid immersion for the 
purposes of producing a quantitative frostbite in experi- 
mental animals. The cooling effect of the air is dependent 
not only upon the temperature, but also upon the air 
velocity, thus introducing an additional variable. Very 
long exposures to cold air are necessary to produce frost- 
bite if the velocity is low. Ariev (12) found that after 
exposing rabbits’ ears to still air at a temperature of 

— 40° C, the ears were still at a temperature of +11° C. 
after 4 hours. 

The method which we have selected for the production 
of experimental frostbite involves the immersion of an 
extremity in a liquid mixture cooled to the desired tem- 
perature. Frostbite of rabbits’ feet and ears has been 
compared using varied temperatures from — 10° C. to 

— 55° C. for a constant time, and using varied times of 
exposure at — 55° C. Frostbitten extremities in which the 
injury was produced by exposure to cold air have been 
compared to those in which the injury was produced by 
immersion. 

Conditions for the production of quantitative 
frostbite 

Rabbits’ feet and ears were frozen by immersion in a 
liquid mixture consisting of 50 per cent by volume ethyl- 
ene glycol in water, to which were added 150 ml. per 
liter of 95 per cent ethyl alcohol. This mixture was 
cooled as needed by the addition of solid carbon dioxide. 
A mixture of this composition is suitable for cooling to 
about — 55° C, at which temperature it is still fluid. 
Lower temperatures may be achieved by the addition of 
larger amounts of alcohol and COo. The relatively high 
specific heat of this liquid makes it preferable to ether or 
acetone which have been used by other workers. 

Rabbits were anesthetized by the administration intra- 
peritoneally of dial, 90 mgm. per kgm. Occasional e.x- 
periments were done using pentobarbital (37.5 mgm. per 
kgm.) anesthesia. The hair was removed from the area 


to be frostbitten by close clipping (Ostcr small animal 
clipper, size 40 blades). Immediately before frostbite the 
barbiturate anesthesia was sui)plcmentcd with ether to the 
point of disappearance of the corneal refle.x. This level 
of anesthesia was found to be necessary to prevent strug- 
gling during the period when freezing of the tissue oc- 
curred. Hind feet of rabbits were immersed in the freez- 
ing mixture as far as the tuberosity at the base of the 
fifth metatarsal. The distal 4 to 5 cm. of rabbits’ cars 
were frozen in a similar manner. During the period of 
immersion the car or foot was kept in motion in order to 
equalize the temperature of the liquid immediately sur- 
rounding it. 

Frostbite was produced in a few animals under bar- 
biturate anesthesia only, and in one with local anesthesia 
(procaine infiltration). The course following injury was 
not different from that occurring after barbiturate-ether 
anesthesia. 

The ethylene glycol-alcohol mi.xture was tested for 
possible irritant properties by immersing rabbits’ feet and 
ears in it at room temperature for periods as long as 30 
minutes. These immersions were not followed by hy- 
peremia or by visible alterations of any kind from the 
time of removal of the part from the mi.\turc to the end 
of the observation period 3 weeks later. 

For comparison with the results obtained by immersion 
in cold liquids, a few rabbits’ feet and ears were frost- 
bitten by exposure to a blast of cold air at approximately 
— 68° C. Compressed air at approximately 18 pounds 
per square inch pressure was dried, cooled by passing 
through a chamber filled with solid carbon dioxide, and 
then directed into a second chamber of about 1 liter capac- 
ity which contained the foot or ear to be frozen. 

The temperatures of the liquid mi.xtures and cooled air 
were measured with Weston bi-metallic thermometers 
which were checked at intervals by comparison with mer- 
cury thermometers. 

Deep tissue temperatures in rabbits’ feet during 
immersion hi freecing liquid 

In order to determine the extent of temperature 
reduction during frostbite, thermocouples were 
implanted in the feet of anesthetized rabbits and 
the temperature determined during immersion in 
the freezing liquid and during the thawing period 
after removal from the cold liquid. 

A thermocouple made of No. 26 gauge iron-constantan 
wire was inserted into the foot above the level of immer- 
sion and thrust distally deep into the foot at the base of 
the toes. Temperatures were determined by means of a 
Leeds and Northrup type K potentiometer. Temperature 
measurements were made during three different types of 
frostbite: (a) 1 -minute immersion at —55° C., (b) 3- 
minute immersion at — 55° C., and (c) 20-minute immer- 
sion at — 15° C. The results of representative experi- 
ments are given in Figure 1. 
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Deep Tissue Temperature Changes in Rabbits’ Feet During Freezing and Thawing 

Temperature measurements made by means of thermocouples implanted deep in the foot near the 
base of the toes. See text for complete description. In each case the foot was immersed in the 
freezing liquid at 0 time and withdrawn at the time indicated by the arrow. 

Fig. 1-A. 1-minute immersion at — 55° C. 

Fig. 1-B, 3-minute immersion at — 55° C. Thermocouple moved slightly in foot at point in- 
dicated by dotted line. 

Fig. 1-C. 20-minute immersion at — 15° C. The break in the curve at 3 minutes represents 
temperature changes resulting from supercooling (see text). 


During 1-minute immersion at — 55° C. the 
deep tissue temperature falls to approximately 
zero (Figure 1-A). Removal from the liquid is 
followed by a slight additional fall in temperature 
to about — 2° C. Upon removal the foot is stiff 
and the superficial tissues are solidlj' frozen. The 
foot remains frozen (with deep temperature at 0° 
or below) for about 5 minutes, and then warms 
nntil it reaches 27° C. after about 15 minutes. 

During 3-minute immersion at — 55° C. tlie 
lowest temperature reached by the deep tissues 
—40° C. (Figure 1-B). After removal 
from the freezing mixture the foot wanned slowly 
until blood flow was reestablished 27 minutes 
after immersion. Rapid warming of the foot by 


the blood then raised the temperature to about 
30° C. within the next 5 minutes. 

During immersion at — 15° C. the foot froze 
after about 3 minutes and reached temperature 
equilibrium with the bath in 12 minutes (Figure 
1-C). The phenomenon of supercooling, which 
has been observ'ed frequently in biological mate- 
rial (17), is well illustrated in Figure 1-C, The 
foot cooled to — 9.4° C. in 155 seconds without 
freezing. During the next 28 seconds the tem- 
perature increased to — 1.5° C. and freezing oc- 
curred. The frozen foot then cooled to the tem- 
perature of the liquid. After remo\al from the 
freezing mixture the foot temperature remained 
below zero for 28 minutes and then increased 
rapidly. 
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EXPERIMENTAL RESULTS 

Incidence of gangrene and extent of tissue loss 
foUozving untreated cold injury 

The general course of events leading to gan- 
grene in frostbitten ears and feet will be consid- 
ered in a subsequent pa])cr. The data given here 
illustrate the uniformit}' with which gangrene is 
produced b}^ controlled cold iiijury and serve as 
the basis for evaluation of the methods of treat- 
ment to be discussed later, 

1. Frostbite of rabbit ears 

Following immersion of the ear for time pe- 
riods ranging from 60 seconds to 10 minutes, at 
temperatures from — 32° C. to — 70° C., the 
entire frostbitten portion of the ear became gan- 
grenous and was eventually lost. Shorter periods 
of immersion at — 55° C. led to loss of varying 
amounts of the distal part of the car. 

In two animals tlie cars were frostbitten by 
means of an air blast at a temperature of — 6S° C. 
In one case, after a 2-minute exposure, the car 


TAru.i-: n 


Extent of tissue loss occurring after frostbite 
of rabbit feel 


Dura- j 
tlon d( 
Immer- 
sion 

1 

Temp. 

Num- 

ber 

of 

nnl- 

maln 

E.xtcnt of Jos' 

mitt. 1 

”C. 



Serifs t 

1 

-55 

12 

No tinur Ion (II).' 

Distal pb.nl.in* of c.ich toe (1). 

2 

i 

-55 

5 

All loci (1). 

Complete except pl.inl.ir pitl (1). 


-55 

16 

Complete to line of immersion (11). 
Complete e.TCcpt pl.int.ir p.itl (•!). 

Series 2 

3 

~)S 

2 

Complete to line of immersion (2). 

3 

-35 

1 2 

Complete except plant.ir pad (2). 

3 1 

-25 

2 

Distal and middle pb.ilanges ol each toe (2) 

3 

-15 

2 

Foot did not freexe: no tissue loss (2). 

Series J 
JS 

-15 

1 

1 ! 

No tissue loss (1). 

30 

-15 

I 

No tissue loss; toe pads thickened (1). 

60 

-15 

5 

I Complete to line of immersion (2). 

Complete except plantar pad (2). 

No tissue loss: foot did not freeze (1). 


* Numbers in parentheses show number of animals. 


TABLE I 

Incidence of gangrene and extent of tissue loss 
following frostbite of rabbit ears 


A. Liquid immersion 


Dura- 

tion 

of 

im- 

mer- 

sion 

Temp. 

No, 

of 

ani- 

mals 

Per cent of animals developinE 
gangrene on days after injury 

Extent of 
tissue loss 

Wet stage 

Dry stage 

3 days 

4 days 

4 

days 

1 

5 

days 

6 

days 

mill. 

°C. 


per cent 

per cent [ 


10 

-32 

1 

— 

— 

— 

— 

— 

Complete* 

3 

-40 

1 



— 



— 

— 

Complete 

2 

-42 

2 



— 

— 

— 

— 

Complete 

• 2 

-53 

2 

100 

0 

0 

100 

0 

Complete 

H 

-55 

24 

71 

29 

17 

72 

11 

Corrtplete 

1 

-55 

11 

80 

20 

20 

80 

0 

Complete 

1 

-70 

1 

— 

— 

— 

— 

— 

Complete 


-55 

1 


100 

0 J 

100 

0 

80 per cent 









of injured 









region 

1 

-55 

1 

100 

0 

0 

100 

0 

80 per cent 




1 


1 



of injured 




1 


1 



region 

B. Air blast 

2 

-68 

1 

1 

No gangrene 




None 

4 

-68 

1 

100 

0 

0 

0 

100 

Complete 


1 Complete loss indicates loss of entire injured part of ear 
as far proximally as the line to which it was immersed. 


became edematous, but no loss of tissue occurred. 
In the other, after 4-minute exposure, complete 
loss of the injured region resulted. 

The data showing the extent of tissue loss 
together with the time after exposure at which 
gangrene appeared are given in Table 1. The 
injuries selected for the study of methods of 
treatment were (a) IVs-minute immersion at 
— 55° C., and (b) 1-minute immersion at — 55° 
C. The extent of tissue loss and the extent and 
rate of development of gangrene following these 
injuries were quite uniform, as may be seen from 
Table I. In every instance the whole of the distal 
portion of the ear to the point of immersion be- 
came gangrenous and separation occurred at the 
line to which the ear had been immersed. Fol- 
lowing 1%-minute exposure at — 55° C, wet 
gangrene appeared in about 70 per cent of the 
animals on the third day after immersion and 
drying occurred on the fifth day. Following 1- 
minute exposure at — 55° C., 80 per cent of the 
animals developed wet gangrene on the third day 
and dry gangrene on the fifth day. The time of 
separation of the injured part of the ear varied 
somewhat depending upon the activity of the 
animal in the cage. 
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2. Frostbite of rabbit jeet 

The extent of tissue loss and the incidence of 
gangrene of rabbit feet following frostbite were 
determined in three series of experiments (Tables 
II and III). 


TABLE m 

Devdopmenl of gangrene following 
frostbite of rabbits' feel 


Dura- 
tion of 
. immer- 
sion 

Temp. 

No. 

of 

ani- 

mals 

Per cent of animals developing gangrene 
on days after injury 

Wet stage 

Dry stage 

2 days 

3 days 

4 days 

5 days 

6 days 

7 days 

min. 

°c 


per cent 


per cent 


1 

“55 

12 

None 


None 


2 

-55 

5 

100 

0 

40 

60 

0 

0 

3 

-55 

15 

60 

40 

20 

60 

13 

7 

3 

-45 

2 

100 

0 

0 

50 

50 

0 

3 

-35 

2 

50 

SO 

0 

50 

0 

50 

60 

-IS 

4 

0 

100 

0 

0 

25 

75 


Series 1 consisted of animals in which one hind 
foot was immersed for 1, 2 or 3 minutes at a 
temperature of — 55° C. Following immersion 
for 1 minute no loss of tissue occurred in 92 per 
cent of the animals, and gangrene did not develop 
in spite of massive edema. After 4 to 7 days the 
only consequences of the frostbite were thicken- 
ing of the toe pads and slight to moderate in- 
duration of the foot. Following immersion for 
2 minutes gangrene appeared on the toes after 
the times given in Table III. Spontaneous am- 
putation of the toes took place at varying times 
after the initial injury. The foot showed some 
scarring on the dorsum near the base of the toes 
and sometimes along the edges of the foot ex- 
tending 0.5 to 1 cm. proximally. The stump was 
thickened, especially at the distal margin. Im- 
mersion at — 55° C. for 3 minutes resulted in 
complete loss of the foot as far proximallj' as the 
line to which it was immersed in 69 per cent of 
the cases, and loss of the entire foot with the 
exception of a narrow tongue of tissue on the 
plantar surface in 25 per cent of the animals. 
The incidence of gangrene is given in Table III. 
Separation near the line of immersion occurred 
spontaneousb- ; in some cases separation occurred 
to 2 cm. distal to the line of immersion leaving 
^ dry stump which was then worn anTiy by the 
mo\ements of the animal. 


Series 2 consisted of animals in which one 
hind foot was immersed for a constant time (3 
minutes) at — 45°, — 35°, — 25° and — 15° C, 
The extent of tissue loss is given in Table II and 
the incidence of gangrene in Table III. Freezing 
of the foot did not occur at — 15° C. in 3 minutes. 
At the other temperatures gangrene developed 
and varying amounts of tissue were lost, the in- 
jury being more severe at the lower temperature. 

Series 3 consisted of animals in -which one hind 
foot was immersed for longer periods of time, up 
to 1 hour, at — 15° C, Freezing of the foot usu- 
ally occurred after 10 to 15 minutes at this tem- 
perature. In one animal, given a supplementary 
dose of pentobarbital immediately before frostbite 
and requiring artificial respiration, the foot did 
not freeze during 1 hour at — 15° C. When 
freezing did not occur edema was absent and 
gangrene did not develop. Following immersion 
of 60 minutes at — 15° C. the final tissue loss 
involved the entire foot in 2 cases and all except 
a narrow segment of the plantar surface in two 
others. The foot retained a flattened shape, with 
toes spread, for several weeks, and induration 
was severe. Gangrene developed somewhat later 
in these animals than in those injured at lower 
temperatures (Table III). 

The animals comprising Series 1 and those in 
Series 3 injured by immersion for 60 minutes at 
— 15° C. serve as controls for evaluation of meth- 
ods of treatment of experimental cold injurj'- to be 
considered in a subsequent paper. 

Effect of precooling on the extent of tissue loss 
folloiving frostbite of rabbit feet 

In three animals the foot was immersed in the 
liquid mixture at a temperature of 0° to + 2° C. 
for 30 minutes preceding a frostbite of 1 -minute 
duration at — 55° C. In all instances the result- 
ing injury was more severe than following a frost- 
bite of only 1 minute at — 55° C, Parts of the 
toes of all three animals were lost; in one the loss 
involved one toe and the distal phalan.x of an- 
other; in the second, only the distal phalanx of 
one toe; and in the third, the distal and middle 
phalanges of two toes. In contrast to these re- 
sults, frostbite of 1 minute at — 55° C. without 
precooling usually resulted in no loss of tissue.s, 
but only thickening of the toe pads (Table II), 
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One animal was placed in a cold room at + 4° 
C. for 2 days preceding frostbite. The hair had 
been removed from both feet. Exposure of one 
foot for 1 minute at — 55° C. immediately upon 
removal from the cold room resulted only in the 
usual thickening of toe pads and no loss of tissue. 
The rectal temperature upon removal from the 
cold room was 38.7° C. 

On one animal the hair was removed from both 
feet and the animal was placed in the cold room 
at + 4° C. for 24 hours. The animal was then 
anesthetized with dial and returned to the cold 
room for 2 hours, by which time the rectal tem- 
perature had fallen to 35° C. Following frost- 
bite for 1 minute at — 55° C. the foot was slightly 
thickened, but no loss of tissue ensued. 

SUMMARY 

Controlled cold injury (frostbite) of rabbit 
ears and feet was produced by immersion of the 
depilated part in a water-ethylene glycol-alcohol 
mixture cooled to the desired temperature by 
means of the addition of solid carbon dioxide. 

The immersion of ears of anesthetized rabbits 
in liquid at temperatures ranging from — 32° C. 
to — 70° C. for periods of 1 to 10 minutes re- 
sulted in freezing of the ear, edema, gangrene and 
spontaneous amputation of the entire injured part 
of the ear. Immersion for 15 or 30 seconds at 

— 55° C. resulted in loss of about 80 per cent of 
the injured part of the ear. 

The effects of immersion of the hind feet of 
anesthetized rabbits in cold liquid varying from 

— 15° C. to —55° C.-for different lengths of 
time were determined. At — 55° C. the extent 
of tissue loss could be increased by increasing 
the duration of exposure from 1 to 4 minutes. 
At — 15° C. the deep tissue temperature of a 
foot became equal to that of the bath in 15 min- 
utes. At this temperature the extent of tissue loss 
could also be increased by increasing the duration 
of exposure. When the time of exposure was 
maintained constant at 3 minutes and the bath 

•temperature varied from — 15° C. to —45° C,, 
progressively greater loss of tissue was encoun- 
tered ^with reduction of exposure temperature. 

Precooling of feet for 30 minutes at about 
-f 2° C. increased the severity of injury following 
a subsequent exposure for 1 minute at — 55° C. 


Gangrene did not result from exposure for 1 
hour at — 15° C. if freezing of the tissue did not 
occur. Gangrene resulting from cold injury was 
qualitatively identical in each case rcgardlc.ss of 
the time or temperature of c.xposure. 

Readily reproducible degrees of injury and 
amounts of tissue loss could be obtained by ex- 
posure at a given temperature for a given period 
of time. 
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In part I of this scries (1) a method for the 
production of controlled cold injury (frostbite) 
of the ears and feet of rabbits was described, and 
data were given illustrating the incidence of gan- 
grene and extent of tissue loss following injury. 
The general course of events, including gross 
changes, skin color, and temperature measure- 
ments of injured ears and feet will be given here. 

EXPERIMENTAL RESULTS 
A. Gross changes joUoiuing injury 

Following immersion of the ear of rabbits for 
periods ranging from 60 seconds to 10 minutes, 
at temperatures from — 32° C. to — 70° C., the 
entire frostbitten portion of the ear becomes gan- 
grenous and is eventually lost (1). Loss of the 
entire injured part of hind feet occurs after ex- 
posure for 3 minutes at temperatures of — 45° C. 
or lower and after 60 minute exposure at — 15° 
C. The gross changes following injury of vari- 
ous degrees in which actual freezing of the tissues 
occurs are at first similar enough so that a general 
description will suffice. 

Immediately upon removal from the freezing 
mixture the ear or foot is solidly frozen, stiff and 
pale greyish-pink in color (Figure 1-A), The 
ear and toes are not “brittle” in that they cannot 
be broken when bent between the fingers. This 
observation is in agreement with the work of 
Ariev (2) who found that brittleness of frozen 
fingers, ears, and whole frogs and mice did not 
occur until a tissue temperature of about — 80° C. 
was reached. 

In ears, thawing is first evident in the region 
immediately surrounding the central artery and in 

1 The work described in this paper was done under a 
contract recommended by the Committee on Medical Re- 
search, between the Office of Scientific Research and 
Development and Stanford University. 


the proximal frostbitten region immediately distal 
to the unfrozen part of the car. After about 3 
minutes, blood flow in the larger vessels becomes 
apparent. Within 5 minutes, the frozen region is 
thawed. The vessels arc engorged with blood 
and the temperature of the frostbitten portion of 
the car rises rapidly. Swelling of the car is first 
evident in the region immediately surrounding the 
larger vessels, especially around the central artery. 
The edema first involves only the frostbitten re- 
gion and then e.xtcnds proximally until the entire 
car is swollen to approximately 4 times the initial 
volume (3). During the first several hours after 
injur}' the advancing edge of the edematous area 
is clearly visible and may be seen to progress 
proximally toward the base of the ear. This edge 
is frequently pointed in the center, with the point 
lying in the region of the central artery. Blisters 
form on the inner surface of the frostbitten portion 
of the ear about 1 to 6 hours after frostbite. They 
are most commonly seen overlying the central ar- 
tery, about 1 cm. from the tip. Profuse exuda- 
tion of fluid from the injured portion of the ear 
is seen 1 to 2 days after frostbite. A crust of 
dried protein usually forms. 

Three to 4 days after injury the frostbitten por- 
tion of the ear becomes cool and the cartilage of 
this region appears to be entirely lacking in elas- 
ticity. This change marks the beginning of the 
period of “wet gangrene” during which no blood 
flow is demonstrable. Drying becomes grossly 
evident by the fourth to the sixth day. Fluid loss 
from the gangrenous tissue occurs largely by sur- 
face evaporation, although in the earlier stages 
some may be taken up via the lymphatics and 
intact circulation of the neighboring normal tissue. 
The dried mummified part may remain attached 
for several weeks but is eventually lost. Loss of 
tissue has in all cases involved only the frostbitten 
area and does not extend into the proximal, un- 
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injured portion of the ear. The edge of the sur- 
viving stump is at first somewhat red and thick- 
ened by induration. The redness and induration 
disappear within a few weeks and are replaced by 
firm scar tissue well covered by hair-free epi- 
thelium at the edge where separation occurred. 

In feet, thawing begins at the proximal part of 
the frostbitten region. It occurs first superficially, 
and the skin may become pliable while the deeper 
tissues are still hard. Once the foot is thawed it 
warms rapidly to temperatures about 5° C. below 
body temperature. Swelling begins when blood 
flow is reestablished. It occurs first only in the 
injured region, and then e.xtends up the leg (Fig. 
1-B). The color of the foot becomes darker 
within 2 hours ; at this and somewhat later times 
the dorsal surface of the foot may be engorged 
with blood, extremely cyanotic, and moist. Exu- 
dation occurs through any skin abrasions. Swell- 
ing reaches a maximum in the frostbitten region 
within 6 hours after injury, although further fluid 
loss to the foot may occur after this time (3). 
Since the skin over the frostbitten part of the foot 
is maximally distended, the fluid is forced into the 
leg and may reach the thigh. After 1 to 4 hours, 
blisters appear on the hair-free toe pads and are 
always confined to that region. The edema be- 
gins to diminish after 1 to 3 days, depending upon 
the severity of the injury. Exudation and wet 
gangrene follow severe injuries (1). Fluid is lost 
both extemallj" and intemall}' as in the ears. The 
foot shrinks and areas of wet gangrene become 
dry within 2 to 3 days (Figure 1-C). The dried, 
mummified part remains attached for several weeks 
(Figure 1-D). In a few cases (about 2 per cent, 
all involving colored rabbits) the animals chewed 
the dead portions and rapidly removed the stump. 
More often it was worn away b)' the movement of 
the animals in the cage or separated spontane- 
ously after about 3 weeks. 

•B. Ski)i color changes follo'ving injury 

In spite of the ultimate development of gangrene 
in frostbitten ears and feet of rabbits there is abun- 
ant evidence that, for some period between the 
moment of injury by cold and the appearance of 
unmistakable signs of ischemia and death of tis- 
sue. blood flows through the injured region, often 


at faster rates than are encountered in uninjured 
tissues. 

In the period immediately after the frozen part 
is removed from the freezing mixture and before 
the completion of thawing, the skin color changes 
from a faintty pink, opaque grey to bright pink. 
The bright pink color appears first over the large 
blood vessels and is most strikingly apparent in 
the ear. The color change in the ear is noticeable 
within the first 3 minutes after removal from the 
freezing mixture. Within 5 minutes, the pink 
color deepens to a bright red and spreads in all 
directions from the larger vessels. Edema forma- 
tion begins early in this period of hyperemia, but, 
in spite of the accumulating fluid, the injured part 
does not begin to take on a cyanotic appearance 
until the edema is well advanced. In sharp con- 
trast to the persistent bright red color of the in- 
jured regions when they are allowed to thaw at 
room temperature is the immediate deep cj'anosis 
that is produced by rapid thawing of the tissues 
in water at 41 ° to 42° C. (a method of treatment 
to be described later) . In the rapidly thawed ears 
and feet, good arterial pulses can be felt, but cy- 
anosis is present and marked from the time of 
return of blood flow. 

Examination of the central arterj' of the ear in 
the region proximal to the injured portion shows 
that the period of marked dilatation lasts for about 
1 hour after frostbite. Between the first and sec- 
ond hour after frostbite, there is a progressive 
constriction of the central arter}’’ in the normal 
part of the ear while the portion of the arter}' 
within the injured area retains its wide diameter. 
Close observation with the aid of transillumination 
shows that the apparent gross diameter of this 
vessel does not correspond with the width of the 
column of blood contained but is. in part, due to 
perivascular edema. 

In general, skin color of the nonnal part of the 
ear parallels accurately the changes in blood flow 
which are indicated by the skin temperature meas- 
urements described below. Between 4 and 24 
hours after frostbite, the massive edema and hy- 
peremia tend to obscure the early sharp difleren- 
tiation between the appearance of the frostbitten 
and the normal part, but demarcation of the two 
regions again becomes clear with the development 
of deepening cyanosis of the injured area. The 
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association of the cyanosis with reduced flow of 
blood is indicated by the accompanying fall in skiti 
temperature of the distal portion of the ear as 
compared with the uninjured portion and hy the 
weakening and final disappearance of palpable 
pulsations in the distal segment of the central 
artery. 

While the details of the circulation cannot be so 
clearly made out in the frostbitten feet of rabbits, 
the changes in skin color arc very similar to those 
observed in the ears. 

C. Skill temperature changes joUoiving cold injury 
1. Methods jor measurement of skin temperature 

Measurements of skin temperature of rabbit feet and 
ears following frostbite were made continuously during 
the first day following injurj'' and at intervals during the 
next 120 hours. Readings were taken routinely for S 
minutes with each of 5 iron-constantan thermocouples 
which were soldered to thin copper discs 7 mm. in diam- 
eter a'nd secured to the skin by means of “Sealskin” 
(polyvinyl butyral in isopropyl alcohol and castor oil). 
Temperatures were recorded on a Leeds and Northrop 
Micromax recording potentiometer. 

On frostbitten feet the thermocouples were placed be- 
tween the third and fourth toes and on the dorsal and 
plantar surfaces of the foot in the midline, about 1.5 cm. 
proximal to the base of the toes. On the normal foot the 
thermocouples were placed in the same relative positions, 
although in many cases only the toe and dorsum tem- 
peratures of the normal foot were measured. 

On frostbitten ears one thermocouple was placed about 
1 cm. from the margin and far enough laterally from the 
midline to avoid the central artery, another about 2 to 3 
cm. proximal to this in the injured region, and a third 
about 3 cm. proximal to the line to which the ear was 
immersed. 

Although the measurements of skin temperature were 
not made in a constant temperature room, the air tem- 
perature of jthe laboratory was relatively constant (25° 
C.) and varied only about + 1° C. from day to day and 
throughout a single day. Care was taken to shield the 
thermocouples from ambient air currents by use of a 


tubular gaur.e sock slipped over the car or foot after the 
thermocouples were in place. Some experiments were 
carried out with the fool or car encased in a cellophane 
jacket. It was found that the skin temperature changes 
were very similar whctlicr or not the cellophane jackets 
were used, except that gangrenous toes and tips of cars 
tended to be warmed by the warm air inside the cello- 
phane. The experiment.s rei)ortcd are those in which 
cellophane was not used. 

2. 'rime course of temperature changes jolloicing 
injury 

Following 60- or 90-sccond exposure of an ear 
at — 55° C.. the temperature of the frostbitten 
portion increases rapidly until the maximum is 
reached in 20 to 60 minutes. This temperature is 
usually 32° C. to 35.5° C. The proximal, unin- 
jured part of the frostbitten ear is usually several 
degrees warmer than that of the contralateral ear. 
The temperature of the frostbitten part of the ear 
is maintained within a few degrees of the maxi- 
mum temperature attained for the first 3 to 5 
hours following injury; after this a progressive 
fall in skin temperature is observed. Figure 2 
shows the mean skin temperature of the ears of 3 
animals for 120 hours following 90-sccond im- 
mersion at — 55° C. It is clear from this figure 
that the mean temperature of the tip of the injured 
cars is lower than that of the normal cars 5 hours 
after injury and that it falls continuously during 
the first 50 hours after injury until it reaches a 
level 1° to 2° C. above room temperature. Wet 
gangrene appears about 48 hours after injury and 
drying occurs after 72 hours. Thus the reduction 
in blood flow to the ear is not immediately brought 
about by frostbite but is a continuous process oc- 
curring during the first 50 hours after exposure. 
The stabilization of skin temperature of the in- 
jured region at a low level marks the beginning 
of the stage of wet gangrene. 


Fig. 1. General Course of Events Following Frostbite of Rabbit Feet Produced by 

Liquid Immersion 

A. Appearance of frozen foot, 20 minutes after removal from freezing mixture at — 52° C. 
(3 minute immersion). Thawing has not yet occurred. 

B. Edematous foot 3 hours after immersion for 3 minutes at — 45° C. Foot volume 2.6 
times initial volume. 

C. Appearance of foot 4 days after injury produced by immersion for 3 minutes at — 55° C. 
showing wet gangrene on the dorsal surface. 

D. Dry, mummified foot 7 days after frostbite produced by immersion for 3 minutes at 
- 55° C. 
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Fie.. 2. Timk Coi'Ksi: or Skin TKMrKUATi'itt; Cii.wi.r.s in IvAiinir Faus 
A i'TKR Fxposi ui; or Tin; Distal I’aht or tiik ICahs at — 55° C. k>k ‘>li 
Seconds. Kr.cTAi. TEMDEUATt uKs Am; also Show n 
Mean data from tlirce animals are plotted in the I'lunre. 


Open circles Rectal temperature 

) Unexposed proximal iiortion of frosthitlen ear 

r Tip of normal ear 

Solid circles Tip of frostbitten ear 


Rabbits’ feet removed from tlie freezing liciuid 
remain solidly frozen for about 20 minutes after 
3-minute immersion at — 55° C. After thawing, 
the temperature rises rapidly as blood flow to the 
injured region is reestablished, ^^’ithin 1 hour 
the temperature of the frostbitten toes reaches a 
maximum of 28° to 31° C. This temperature is 
maintained for a variable period, sometimes not 
more than 20 to 30 minutes : a progressive fall in 
temperature of the toes then occurs until it reaches 
26° to 30° C. after 4 hours. The maximum tem- 
perature of the dorsum of the injured foot is at- 
tained 20 to 30 minutes earlier than that of the 
toes and remains 2° to 3° above that of the toes. 
After 4 hours it has fallen to 31° to 33° C. Fig- 
ure 3 shows the mean temperatures of frostbitten 
feet (3 minutes exposure at — 55° C.) and the 
contralateral feet of three animals during a period 
of 120 hours after injury. It may be seen that 
the dorsum and toes of the frostbitten feet show 
consistently lower temperatures than does the 
dorsum of the normal foot for the first 50 hours 
after injury. After this time the skin tempera- 
tures of the dorsal surfaces of the injured and nor- 
mal feet closely parallel each other. The tempera- 


ture of the fro.stbitten toes remains lowest during 
the entire time and eventually falls even farther 
when the toes dry and become mnmmificd. The 
tissue loss in these animals (Figure 3) involves 
the toes and most of the dorsal surface of the feet. 
The relatively high temperature of the dorsum of 
the injured feet may be attril)uted to persistence 
of blood flow in deeper vessels, arising from the 
plantar arch. .A limited number of measurements 
of .skin temjjerature of the plantar surface of the 
foot indicates that it may be several degrees higher 
than that of the dorsal surface. 

When the foot is e.xposed at — 55° C. for only 
1 minute, which usuall)' produces only severe 
edema but no loss of tissue, the initial tempera- 
tures which are attained by the toes of the frost- 
bitten foot are higber than after 3 minutes of ex- 
posure. Witbin 1 hour after injury the toes usu- 
ally reach a temperature of about 35° C. (33° to 
38° C.), and then fall several degrees during the 
first 4 hours. The temperature of the dorsum of 
the frostbitten foot is often 1° to 2° C. higher than 
that of the contralateral dorsum. In 2 animals, 
in which the toes were lost followdng a 1 -minute 
exposure at — 55° C., the temperature of the toes 
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dropped sharply after 40 to 50 hours to a level 
only 2° to 3° C. above room temperature. This 
drop in temperature of the toes, which are even- 
tually lost, is progressive and coincides in time 
with the other local signs of gangrene. 

3. Relationship of skin temperature changes to 
tissue loss 

The temperatures of normal and frostbitten feet 
have been further analyzed in consideration of 
the extent of subsequent tissue loss in the injured 
feet. The temperature of the toes of the frost- 
bitten foot has been compared with the temperature 
of the dorsal surface of the normal foot of the 
same animal at various times during the first 6 
hours after injury. The data for these compari- 
sons are given in Table I. 

The column in Table I headed “Temperature 
difference” gives for each animal the mean of a 
number of comparisons between the temperatures 
of the injured toes and the dorsum of the normal 
foot during the first 6 hours. The column headed 
“P” expresses the probability that such differ- 
ences would occur through errors in random sam- 


table I 

Comparison of skin temperatures during the first six hours 
after injury in normal and frostbitten rabbit feel 
Feet frostbitten by immersion at —55° C. 
for the time indicated 


Dura- 

tion 

Tissue loss 

Skin temperature. 
Mean of determi- 
nations during 
first six hours 

Tem- 

perature 

diff. 

"C. 

pi 

Frost- 

bitten 

Normal 

FB-N 

1 

None 

36.8' 

32.8° 

+4.0° 

0.500 

1 

None 

34.1° 

36.0° 

-1.9° 

0.020 

1 

None 

38.5° 

38.5° 

0 

0.200 

1 

None 

37.9° 

35.8° 

+2.1° 

0.020 

1 

Distal phalanges 

33.6° 

35.6° 

-2.0° 

0.010 

1 

All digits 

29.8° 

37.0° 

-7.2° 

0.001 

3 

Entire foot 

27.5° 

30.9° 

-3.4° 

0.001 

3 

Entire foot • 

29.7° 

35.8° 

-6.1° 

0.001 

3 

Entire foot 

32.8° 

35.7° 

-2.9° 

0.001 


^ P expresses the probabiHt>' that such differences would 
occur through errors in random sampling. 


pling. These probabilities were calculated by the 
“t” test of Fisher (4). 

At a time after injury when the gross appear- 
ance of the injured feet provides no indication of 
impending gangrene, differences in skin tempera- 



Fic. 3. Time Course of Skin Temperature Chances in Rabbit Feet 
AFTER Exposure of Feet .at —55' C. for Three Minutes. Rectal Tem- 
per.atures Are also Shown 

Mean data from four animals arc plotted in the figure. 


Open circles Rectal temperature 

C Dorsum of normal foot 

O Dorsum of frostbitten foot 

Solid circles Toes of frostbitten foot 
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Fig. 4. Skin Temperature Changes in Noumai. and Frostditten 
Rabbit Feet Representing Refeex Responses to Generai, Heating and 
Cooling 

Representative data from one animal. Foot immersed at — 55° C. for 3 
minutes. 

Open circles rectal temperature 

Cross in circle toes of normal foot 

Solid circles toes of frostbitten foot 

A — Ears cooled with ice. 

B — Ears warmed. 

C — Ears and body warmed. 

D — Body cooled with wet towels, ice, and fan. 

E — Body warmed with heating pads. 


ture were found to be of decided value in predict- 
ing the ultimate loss of tissue. The data in the 
table illustrate the association of low skin tem- 
perature of the injured parts and eventual devel- 
opment of gangrene. Following 1 -minute ex- 
posure at — 55° C., in the animals in which no 
tissue loss resulted, the mean temperature dif- 
ferences between the normal and injured feet 
ranged from + 4.0° to — 1.9° C. and the prob- 
ability that such differences would occur through 
errors in random sampling ranged from 2 in 100 
to 50 in 100 (P = 0.02 to 0.5). For comparison 
with these are 2 animals which lost parts of the 
toes following exposure for 1 minute at — 55° C. 
In both of these animals the temperature of the 
toes of the injured foot was consistently lower 
than that of the normal foot. The smaller values 
of P ( < 0.01 and 0.001 respectively) indicate that 
the differences are statistically significant. Fol- 


lowing 3-minute exposure at — 55° C., the tem- 
perature of the injured feet was always lower than 
that of the normal feet and these differences are 
also statistically significant (P < 0.001). From 
the data given in Table I it is apparent that as 
early as the first 6 hours after injury the tem- 
perature of the toes of the injured foot is sig- 
nificantly lower than that of the normal foot in 
those animals in which the toes are subsequently 
lost. As described previously this temperature 
difference becomes more marked with time, so 
that with the appearance of wet gangrene the 
temperature of the gangrenous part is only slightly 
above that of the environment. 

4. Vascular spasm in extremities during the first 
hours after injury 

Temperature changes in frostbitten and normal 
extremities of rabbits have been studied during 
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tile application of heat and cold generally as well 
as locally to a part remote from that injured by 
frostbite. In all cases the experiments were car- 
ried out during the 7-hour period immediately 
following frostbite, at a time when the animals 
were still anesthetized with dial. The dial was 
given, in most cases, approximately 1 hour be- 
fore frostbite. 

Similar results have been obtained in a number 
of animals. A representative experiment is plotted 
in Figure 4. One hind foot was frostbitten for 3 
minutes at — 55° C. Application of cold to the 
ears at “A” and to the body at “D” resulted in a 
temperature drop in the toes of the normal foot 
of 8.5° and 12° C. respectively, while the toes of 
the frostbitten foot showed much less change in 
temperature. Application of heat to the ears at 
“B” and general body warming at “C” and “E” 
resulted in marked rise in temperature of the nor- 
mal toes. It is apparent (Figure 4) that after 
the first U/o hours there is a tendency for changes 
in rectal temperature .to be accompanied by changes 
in skin temperature of the toes of the frostbitten 
foot. 

The temperature changes in the toes of the ani- 
mal illustrated in Figure 4 and in other animals 
studied are brought about by changes in blood 
flow through the tissues. Tittel (5), by direct 
observation of rabbit ears frozen with solid carbon 
dioxide, has described a state of passive dilatation 
of arterioles in the injured region of the ear. This 
passive dilatation should be regarded as a relative 
dilatation, and, although constriction may not oc- 
cur, the size of the vessels may be altered by 
changes in perfusion pressure. If the arterioles 
within the injured regions of the feet are in a state 
of passive dilatation similar to that described by 
T ittel in rabbit ears following freezing, then blood 
flow and hence skin temperature should be deter- 
mined by the perfusion pressure and the patency 
of the arteries proximal to the level of injury. 
I be rise of skin temperature in uninjured re- 
gions following general application of heat demon- 
-''trates the existence of adequate systemic arterial 
pie.ssure. lu the injured limb both the failure of 
^'gns (if vasoconstriction after chilling and of 
'asodilatation after warming could be explained 
on the basis of severe spasm of the arteries proxi- 
mal to the level of injury. Such arterial spasm 


has been described by Burdenko (6) in human 
frostbite of the feet where arterial spasm reached 
as high as the common iliacs. The measurements 
given in Figure 4 show that the temperatures of 
the toes of the frostbitten foot were persistently 
lower than the toes of the normal foot. The 
course of cooling of the toes in the injured foot 
shows that there was a progressive reduction of 
blood flow from 45 minutes after injury to about 
21/4 hours after injurjL The slope of this line 
differs little from that describing the fall in tem- 
perature of the normal toes when vasoconstriction 
was induced by the application of cold. It is 
therefore probable that at the time of measure- 
ment, spasm of large arteries on the injured side 
was occurring and that the spasm was not capable 
of being relaxed by the usual reflex responses to 
the application of heat elsewhere on the body. 

It should be emphasized that the abnormalities 
of thermovascular response described above are 
not interpreted as indications of later vasomotor 
abnormalities, but are restricted to the first few 
hours after injury. Studies of skin temperature 
over a longer period after injury (Figure 3) show 
that the temperature of the toes of rabbit feet in- 
jured by cold tend to stabilize at about 28° C. 
and that there is usually a slight rise until 48 to 
50 hours after injury. The application of cold as 
illustrated in Figure 4 brought about sufficient 
reduction of blood flow to bring the toe tempera- 
ture of the injured foot to approximately 24° C. 
while that of the uninjured foot did not fall below 
29.5° C. Thus it is suggested that vasoconstrictor 
responses to cold may be potentiated locally by 
recent cold injury but that central inhibition of 
vasoconstrictor discharges over the vasomotor 
neurons supplying the vessels of the injured e.x- 
tremity is not evoked by the local or general 
application of heat. 

SUM MARY 

Rabbits’ feet and ears, frostbitten by immersion 
in liquid at temperatures from — 15 '-^ to — 70- C. 
for varying lengths of time, undergo a series of 
changes which, for a given time and temperature, 
are constant and reiiroducihle. Ujxm reinrival 
from the cold lirjuid the part is solidly frozen, but 
is not brittle. .Massive edema develops with the 
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rocstablishiiK’nt of hlood flow to the jiart. Aftc'r 
3 to 4 days, in tlwsc instances in which the injury 
is of sufficient .severity, wet j^anj^rene devel(»ps. 
Drying hegins 4 to 6 days after injury, resulting 
in nuuuiniricatiou of the foot or ear which even- 
tually separates near the line to which it was iin- 
inersed in the freezing inixturc. 

Ohservations of the skin color of the injured 
region and nieasureinents of skin teiujierature in- 
dicate that for a time after injury l)lood flows 
through the injured region, often at a faster rale 
than in the normal foot or ear. During the first 
50 hours after injury there is a progressive fall 
in skin temperature of frosthitten ears, until a 
level approximately eciuai to room temperature is 
reached coincidentally with the occurrence of wet 
gangrene. Com])arison of skin temiieratnre of 
the toes of frosthitten feet with the temperature 
of the normal foot indicates that in those animals 
in which the injury is of sufficient severity to re- 
sult in suhsequent loss of the toes, there is a sig- 
nificant decrease in temperature of the injured 
foot below that of the normal foot during the 


first 6 hours after injury. This differtaice be- 
comes move marked with time. 

1. l''iilirni;iii. 1'. /\., and tVisiiinn, J, M,, .'^Indies on Ran- 

.eiciic lollnw ini; void injury. I. .A inctliod for 
lirodncini,' iranermc lie imaio of controlkd injury 
hy cold. j. Clin. Invest.. 1047. 26. 229 . 

2 . .\vicv. 'r. N’.. gxinrinu iital ohs(_rv;i(ion> on tin- hrittlc- 

IH'' of frozen e.vtrennlie.-. \'e>tn. Kliinir.. 19.i7. 

.S2. to. 

d.v 

.'. I'liltrinan, !•'. .A., ami (Vi'-mon, .1. .M.. .''Indies on pan- 
prene folloninp cold injury, ill. ivdenta follouinp 
eold injury : it*, in.apnitnde and the conipositioti and 
sonree of edema llititl. ,1. Clin. Invest., 1947, 26. 
i4.\ 

4. I'ii-lier. I\. .A.. St.'iti'tieal MetliotK for Researoli Work- 
er-. I’.d. fi. London, Oliver and Itoyd. 19.16, p. l.'O. 
rittel. .‘4., I'elier die Reakt ion-wei-e de- (iefrisssystcins 
I'ei iok.'der I'.rfriernin;. I. Die .Art de.s Kcaktions- 
al)l;infes an den einzelneii .Al'sclinitten des (Icf.a.'.s- 
vy-tein-. Zt-ehr, pes. exuer, .\Ied.. 194.1. 113, 69.4. 
6. linrdenko. X, .\'.. Tlie effeet of frostbite on tlie .sympa- 
thetic nervous system. .Anier. Rev. Sov. Med., 
194.>, 1. l.s, i'Vom Kliirnrpia, 1942, X'o. 5-6, 5. 



STUDIES ON GANGRENE FOLLOWING COLD INJURY. III. EDEMA 
FOLLOWING COLD INJURY; ITS MAGNITUDE AND THE 
COMPOSITION AND SOURCES OF EDEMA FLUID ^ 

By FREDERICK A. FUHRMAN .\xd J. :M. CRISMON 

{From the Department of Physiology, Stanford University Sehool of Medieinc, 
Stanford University, California) 

(Received for publication September 1. 1946) 


One of the most prominent features of severe 
cold injury (frostbite) is the early and rapid de- 
velopment of edema of the injured part. We have 
described previously a method for the production 
of controlled injury^ by cold (1) and the general 
course of events ending in gangrene (2). The 
data presented here concern the edema following 
frostbite. Most of these observations were carried 
out during the first 24 hours after injur}', at a time 
when swelling of the injured part occurs. The 
method used for the production of the injury by 
cold is the same as that described previously ( 1 ) . 

A. Magnitude atid location of edema 

The maximum increase in volume of ears and 
feet of rabbits following frostbite of different dura- 
tion and at different temperatures is given in 
Table I. In ears the greater part of the fluid is 
found in the more distensible proximal part. The 
measurements were made by immersing as much 
as possible of the ear in water and measuring the 
volume of water displaced. In the leg most of the 
measurements were made as far proximally as the 
part was frozen (to the tuberosity at the base of 
the fifth metatarsal). The fluid, however, is not 
confined to this region, but is forced up the leg in 
a manner similar to that observed in ears. .A few 
measurements of volume were made as far as the 
tuber calcanei (Table I). Twenty-four hours after 
injury of the foot, edema is apparent above the 
ankle and in some animals extends as far as the 
bnec. Measurements of total fluid loss by estima- 
tion of the volume change of the entire leg were 
not made. 

The appearance of the foot of a rabbit 2 hours 
idler fro.stbitc (3 minute.s at — 5.3° C. 1 is shown 

T I'L- Work (tc'cribcd in this paper %\a? done under a 
coiurnct. rocoiniiHiidcil by the Committee cm Medical Re- 
oircb. between tlie Ofiice of Scientific Rese-arch and 
Dieelopnum nml Stanford Univer.vity. 


TABLE I 

Swelling of feet and ears following frostbite 


Duration of 
immersion 

Temp. 

Initial 

vol- 

ume 

Maxi- 

mum 

vol- 

ume 

In- 

crease 

X 100 

Imt. vol. 

mitt. 

C. 

tnl. 

ml 

ml. 


Rabbit ears 






n 

— 53“ 

7T3 

36 

28.5 

480 



9.0 

39 

30 

433 

Rabbit feet 


(Volume measured to base of 



fifth metatarsal) 

1 

— 55 

12 

25 

13 

208 



13 

33 

20 

254 



13 

25 

12 

192 



13 

31 

18 

, 238 



14 

i 20 

6 

142 



13 

1 28 

15 

215 



12 

: 25 

I 13 

208 

2 

— 55 

13 

, 36 

23 

277 



13 

37 

24 

285 



13 

25 

1 12 

192 



12 

30 

18 

250 



11 

31 

20 

282 

3 

— 55 

12 

35 

23 

291 



11 

30 

19 

273 



, 12 

30 
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Fig. 1. Edema of Rabbit Feet Following Sevehe Cold In.il’uv 
A, B and C show a right hind foot, with hair removed, before cold injury. D. h' and F show the same foot 2 hours 
after injury by immersion for 3 minutes at — 50° C. Foot immersed to the point indicated by the ink line. Volume 
of edematous foot is 2.7 times that of the foot before injury. 


in Figure 1. The toes are spread apart by tlie ac- 
cumulation of fluid, and swelling is especially 
marked on the dorsal surface of the foot. Much 
less swelling is evident on the plantar surface 
where the skin is much more tightly bound to the 
underlying connective tissue. Upon incision of 
the dorsum of an edematous foot, the edema fluid 
may be seen to be distributed chiefly in the Iool’^ 
connective tissue underlying the skin. The fluid 
itself is Aoscous and drains sloAvly from the in- 
cision. It coagulates within a feAV minutes after 
Avithdrawal from the foot. 


In order to determine Avhether an}’ exudation of 
fluid occurred in the proximal, uninjured portion 
of a frostbitten ear, the distal, frostbitten part Avas 
amputated after injury in one experiment. Follow- 
ing frostbite for 90 seconds at — 55° C. a clamp 
Avas placed on the ear just proximal to the line of 
immersion. Tavo and one-half hours later the ear 
distal to the clamp AA-as amputated, cauterized, and 
the clamp then released. On the folIoAving day 
there Avas very slight edema present in the distal 
part of tlie stump near the site of amputation. 
This had disappeared on the second day. No 
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edema approaching in magnitude that occurring 
after untreated frostbite was observed, and no evi- 
dence of edema was seen in. the proximal part of 
the ear. It thus appears that the fluid loss occurs 
only in the distal injured part of the ear and that 
edema proximal to the frostbitten region is the re- 
sult of forcing of fluid into that region after the 
limit of distensibility of the tip of the ear is 
reached. 

B. Rate of swelling 

Inwall animals in which the foot or ear actually 
became frozen during immersion (true frostbite), 
thawing and return of blood to the injured ex- 
tremity were followed immediately by rapid and 
extensive swelling. Increase in the volume of a 
frostbitten foot could usually be demonstrated 20 
minutes after injury. The relative increase in 
■ volume of feet frostbitten for 1, 2, and 3 minutes 
at — 55° C. may be compared in Figure 2, in which 
the m^ima and minima for each duration of in- 
' jury are plotted at various tim'e intervals after 
frostbite. The volume was measured to the line of 


immersion (the tuberosity at the base of the fifth 
metatarsal). 

If comparisons are made between rabbit feet im- 
mersed at — 55° C. for 1, 2, and 3 minutes, it is 
found that the rate of swelling increases wdth the 
duration of immersion and thus also with the 
severity of the injury. Although swelling begins 
within 20 to 30 minutes after exposure in all 
cases, it occurs most rapidly following 3-minute 
exposure and least rapidly after a 1 -minute ex- 
posure. Following 1-minute immersion the maxi- 
mum volume is reached in from 3 to 6 hours after 
injury. Following a 2-minute immersion the 
maximum occurs somewhat earlier, and after 3- 
minute immersion the maximum volume is at- 
tained in 1 to 2 hours in some animals. The 
maximum volume attained is similar following 
the different periods of immersion, although some 
feet showed only slight increase in volume follow- 
ing 1-minute exposure and others became as swol- 
len as those exposed for 3 minutes. The great 
variability of the foot volume following 1 -minute 
exposure (Figure 2) is an indication of lack of 



Fic. 2. Comparison of Volume Chances in Rabbit Feet aftep. Exposupx 
AT S5° C. FOR One, Two, and Three Minutes 
Initial loot volume expressed as 100. For each severity of injury the 
maximum and minimum \*alues of fool volume at different time periods after 
injury are connected by straight lines. The area between the curves of 
maximum and minimum volume include all of the cases measured. .Area 
shaded right — 1-minute im.mersion. Area shaded left — ^2-minute immcriion. 
Area spotted — j-minulc immersion. 
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uniformity in injury following this length of im- 
mersion. 

The decrease in foot volume begins about 1 day 
after injury and appears to be more rapid follow- 
ing the more severe injury. This decrease in 
volume results from dehydration of the foot, due 
to loss of fluid to the outside as well as internally. 
The external water loss is most rapid when ne- 
crosis and wet gangrene appear, and, since ne- 
crosis of most of the injured area is an invariable 
consequence of a 3-minutc immersion at — 55° C., 
drying and shrinkage of the foot below its normal 
size are most rapid in this type of injury. 

C. Subcutaneous tissue pressure 

Subcutaneous tissue pressures in frostbitten feet 
were determined at varying times after injury by 
the method of Henderson (3) as modified by 
Wells, Youmans, and Miller (4). The needle 
was inserted through the skin on the dorsal sur- 
face of the foot into the edematous mass of under- 
lying tissue, and the point adjusted so that it was 
approximately midway between the skin and meta- 
tarsal bones. Care was taken that only two punc- 
tures were made in each foot ; repeated puncturing 
of the skin resulted in loss of fluid through the 
skin and consequent decrease in pressure. 

The results of determinations of subcutaneous 
tissue pressure in the frostbitten feet of 9 animals 



Fig. 3. Relationship Between Foot Volume and 
Subcutaneous Tissue Pressure after Frostbite 
Subcutaneous tissue pressure in cm. H.O plotted as a 
function of relative increase in foot volume after exposure 
of one foot at — 55° C. for 3 minutes. Data from 9 ani- 
mals. A maximum of two determinations was made on 
each animal. 


arc plotted against the foot volume at the time of 
pressure measurement in Figure 3, .In all cases 
the frostbite was produced by immersion at 
— 55° C. for 3 minutes. The line drawn in 
Figure 3 was fitted to the data by the method of 
least squares and may be represented by the equa- 
tion 

F = 1.12 + 0.144 F (1) 

in which P is subcutaneous pressure in cm. of 
water and V is the relative increase in foot volume. 

It may be seen from Figure 3 that as the 
volume of the foot increases the pressure is found 
to increase until, at maximum foot volume, the 
subcutaneous pressure is approximately 25 cm. 
H„0. This pressure is of the same order of mag- 
nitude as the pressure inside capillaries. Landis 
(5, 6) found by direct measurement that the 
capillary pressures of arteriolar and venous capil- 
laries were 30 cm. H-O and 17 cm. H^O re- 
.speclively in the mesentery of the rat and 38.5 
cm. HjO and 17 cm. H„0 in the mesenterj’ of 
the guinea pig. The importance of high subcu- 
taneous pressure in relation to the functional 
pathology of frostbite will be discussed later. 

When the foot has attained a volume 250 to 
300 per cent of the initial volume, further increase 
measured to the line of immersion does not occur, 
but the pressure within the foot reaches such a 
level that fluid is forced in a proximal direction 
above the level of injury. 

If the time course of increase in subcutaneous 
pressure in the foot following cold injur}’’ is con- 
sidered, it is found that the pressure increases 
during the period of swelling (for the first 4 to 
6 hours), and then reaches a maximum pressure 
coinciding in time with the maximum foot volume. 

D. Composition of edema flitid 

Determination of the protein concentration of 
edema fluid withdrawn from frostbitten feet and 
in fluid drawn from blisters on frostbitten ears 
was made at various times after frostbite. The 
protein concentration was calculated from the spe- 
cific gravity of the fluid determined by the falling 
drop method (7). Protein concentration was 
calculated from the formula given by Weech (8) : 

Pr = (Sp. Gr. - 1.0069) X 340.1 (2) 
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in which Pr is the protein concentration in grams 
per 100 ml. 

1. Protein concentration oj ear blister fluid 

The protein concentration of blister fluid from 
frostbitten ears, withdrawn at various times after 
frostbite of 90-second duration at — 55° C., is 
given in Figure 4. In the greater number of these 
animals the blisters formed in the first 4 hours 
after injury, although in some cases blisters were 
not seen until 8 to 12 hours after injury. Fluid 
from the blisters was straw-colored and did not 
contain appreciable amounts of hemoglobin. It 
may be seen from the figure that there is a de- 
crease in protein concentration of blister fluid 
with time. The line drawn in the figure, fitted 
to the data by the method of least squares, may 
be represented by the equation 

Pr = 4.303 - 0.0254 t (3) 

in which Pr is the protein concentration in grams 
per 100 ml. and t is the time in hours after frost- 
bite. The coefficient of correlation between pro- 
tein concentration and time after frostbite was 
calculated to be — 0.798. 

Pochin (9) found a negative correlation be- 
tween protein concentration and time after injury 
in edema fluid taken from rabbit ears following 
vascular occlusion. The initial protein concentra- 
tion of the edema fluid after vascular occlusion 
and of blister fluid after frostbite injury are very 



Pig. 4. Time Course of Chakce in Protein Con- 
wntration of E.^R Buster Fluid Followi.nc Severe 
Cold Injury 

from 12 animals. Frostbite was produced in all 
”?cs by immersion at - 55° C. for 90 seconds. 


TABLE II 

Protein concentration in edema fluid from frostbitten feel 
Exposure at —55° C. 


No. of 
animals 

Duration 

of 

exposure 

Time after frostbite 
at which fluid %vas 
sampled 

Mean 

protein 

S. E.of 
mean 

5 

1 

120-240 minutes 

per cent 

3.46 

.668 

22 

3 

90-240 minutes 

4.13 

■ .139 

4 

3 

24 hours 

3.01 

.323 

4 

3 

44 hours 

3.91 

.585 


similar (4.5 per cent and 4.3 per cent respect- 
ively). Pochin’s data show a more rapid decrease 
in protein concentration in the edema fluid after 
occlusion than that reported here in blister fluid 
after frostbite. This may indicate a more rapid 
removal of protein-containing fluid via the lymph- 
atics in occlusion. 

2. Protein coneentration oj joot edema fluid 

The protein concentration of edema fluid taken 
from frostbitten feet under various circumstances 
is given in Table II. It may be seen from the 
table that the protein concentration after 1-min- 
ute frostbite is somewhat less than after 3-minute 
frostbite at — 55° C. This difference is, however, 
not significant (P <0.7). 

The data for the protein concentration of foot 
edema fluid taken at different times after injur}' 
are not sufficient to establish so definite a rela- 
tionship as that in ear blister fluid. The correla- 
tion between protein concentration and time in 
hours after injury was — 0.494 and the straight 
line fitted to the data may be represented by the 
equation 

Pr = 4.326 - 0.052 t (4) 

in which the symbols are the same as those used 
in equation (3). This relationship is based upon 
22 determinations made between 1 and 6 hours 
after injury and upon 4 determinations made 24 
hours after frostbite. It is apparent that in frost- 
bitten feet, as in frostbitten ears, the protein con- 
centration of the edema-fluid is initially high, only 
slightly below that of the plasma, and that it de- 
creases progressively with time after injur}'. 

Table II also shows the protein concentration 
of foot edema fluid taken 44 hours after frostbite. 
In this case there was an apparent increase in pro- 
tein concentration. It seems protiab'.e tb.nl this 
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increase is due to loss of water more rapid than 
loss of protein from tiie foot. 

The protein concentration found in the foot 
edema fluid and in ear blister fluid following cold 
injur}"^ is in good agreement with the data re- 
ported by Harkins and Harmon (10) for protein 
concentration in edema fluid from severely frost- 
bitten dogs. They report a mean edema fluid 
protein concentration of 3.6 per cent. 

3. Effect of edema Puid upon blood pressure and 
isolated smooth muscle. 

The frequent reports of the presence of a 
toxic substance in plasma and edema fluid after 
burns (11, 12) suggest that such toxic materials 
may be present in the edema fluid taken from ex- 
tremities following cold injury. In order to test 
this possibility, edema fluid removed from frost- 
bitten rabbit feet 2 hours after injury was ex- 
amined in the following manner. 

<7. Effect upon blood pressure. Edema fluid was with- 
drawn from the feet of two rabbits 85 and 95 minutes 
after frostbite. In one case the fluid was used immediately 
and in the other it was held overnight in a refrigerator. 
This fluid was then injected intravenously into rabbits 
anesthetized with dial. Arterial pressure was recorded 
during and following the injection. Injection of the 
edema fluid in amounts up to 2 ml. in a rabbit weighing 
2.4 kgm. produced no change in the level of arterial pres- 
sure. 

b. Effect upon isolated guinea pig intestine. Segments 
of guinea pig ileum were suspended in o.xygenated Tyrodc 
solution containing 1 : 1,000,000 atropine. Addition of 
edema fluid withdrawn from frostbitten rabbit feet pro- 
duced slight contraction in one instance. In this case 1.0 
ml. of edema fluid was equal in activity to 0.1 Mg- hista- 
mine. This activity may be accounted for entirely on the 
basis of the normal histamine content of the small amounts 
of blood present in the edema fluid, since rabbit blood 
contains 10 to 12 pg. histamine per ml. (13). In all 
muscle preparations the activity of the muscle was con- 
firmed by contraction in response to additions of histamine. 

c. Assay of edema fluid for histamine. Edema fluid 
withdrawn from frostbitten feet 2 to 4 hours after injury 
was prepared for histamine assay by the method of Bar- 
soum and Gaddum (13) as modified by Anrep et al. (14). 
The extracts were tested upon the atropinized guinea pig 
ileum and upon atropinized rectal caecum of the fowl. 
No contractions of the isolated muscle were produced by 
the edema fluid extracts. Comparison with known con- 
centrations of histamine showed that the histamine con- 
tent of the edema fluid must be less than 0.2 Mg. per ml. 
of original edema fluid. 

d. Intradermal injection of edema fluid. Edema fluid 
from a rabbit foot, withdrawn 95 minutes after injury, 


was injected intradermally into the ears of two rabbits. 
The volumes injected were approximately 0.1 and 0.3 ml. 
Slight vasodilatation was seen immediately surrounding 
the sites of injection within 5 minutes. No edema .devel- 
oped and the slight hyperemia disappeared within 12 hours. 

Histamine liberation from perfused limbs in- 
jured by high temperature has been described by 
Kellaway and Kawlinson (15). The edema fluid 
formed after frostbite, however, does not contain 
significant amounts of histamine. Failure to dem- 
onstrate the presence of toxic materials in this 
edema fltiid by the methods outlined above is not 
interpreted to mean that chemical substances are 
not implicated in the local changes following frost- 
bite. It is possible that such principles as those 
described by Shorr, Zweifach and Furchgott (16), 
which would not be detected by the methods used 
here, may play a part in the local circulator}' 
changes following cold injury. 

E. Changes in blood composition coincidental 
zvith sivclling 

1. Plasma protein changes jollozoing cold injury. 

Plasma protein concentration was calculated 
from the plasma specific gravity, determined by 
the falling drop method of Barbour and Hamil- 
ton (7), by means of equation (2). In every 
case the plasma protein concentration decreased 
during the period of swelling of the frostbitten 
foot. The results obtained in a representative 
experiment are shown in Figure 5 (which also 
shows changes in foot volume, hematocrit, hemo- 
globin concentration, and blood specific gravity 
during the same time period). In this experi- 
ment the plasma protein concentration fell from 
an initial value of 5.34 per cent to a minimum of 
3.96 per cent. Similar results were obtained in 
13 other animals in which the plasma protein 
fell to 81.3 per cent of the initial 185 to 357 
minutes after injury. Plasma protein concen- 
trations before frostbite and at times ranging 
from 160 to 357 minutes after frostbite in 6 
animals are given in Table III. It may be seen 
that in all cases there is a decrease in plasma 
protein concentration following frostbite, rang- 
ing from 0.98 to 1.57 grams per 100 ml. The 
relationship between the decrease in plasma pro- 
tein concentration and the protein concentration 
in edema fluid will be considered below'. 
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TIME IN MINUTES 


Fig. 5. Time Course of Changes in Whole Blood 
Specific Gravity, Plasma Protein, Hemoglobin, Hem- 
atocrit AND Foot Volume Following Severe Cold In- 
jury 

Representative data from one animal after exposure of 
one hind foot at — 55° C. for 3 minutes. 

In order to determine the approximate dura- 
tion of the decrease in plasma protein concentra- 
tion following this type of frostbite, determina- 

TABLE m 


Plasma protein changes foUou;ing cold injury 
o-niinute immersion of foot at —55° C. 


Animal 

Initial 

plasma 

protein 

Time after' 
«njur>’ of 
second, 
dclcrm. 

1 

Increase in 
foot volume 

Second 

plasma 

protein 

Irm. 

2.59 
1.76 
2.^0 1 
2.50 ! 

2.50 

2.50 

crams f'tr 
too riU 

4.90 

5.03 

5.24 

5.35 

6.25 
6.43 

min, 

185 

225 

160 

192 

295 

322 1 

357 

ml. 

35* 

20 

30* 

38* 

38* 

25 

35* 

crams per 
too tr.l. 

3.33 
4.05 
4.00 
3.98 
4.15 

5.24 

5.34 

• . ........ 


Volume incrc.isc measurctl to the tuber calcanei. 


TABLE IV 

Plasma protein concentration one day after frostbite 
Feet exposed at —50° C. to —54° C. for 3 minutes 


Initial plasma 
protein 

Time after 
frostbite 

Plasma 

protein 

Difference 

grams per 


grams Per 


too ml. 

ij 

100 ml. 


4.83 

23 

4.69 

-0.14 

4.60 

24 . 

4.15 

-0.45 

4.00 

24 

3.81 

-0.19 

4.63 

24 

4.76 

-fO.13 


tions were made 24 hours after injurj’^ in four 
animals. The results are given in Table IV. 
It is clear from the data given in the table that 
after this, length of time the plasma protein con- 
centration had returned to approximately the 
initial value. The data show no tendency 
toward a decrease in plasma protein concentra- 
tion such as might result from leakage of pro- 
tein into regions remote from the site of injury'. 

2. Relafiojtship of plasma protein changes to 
edema flttid protein concentration 

Information regarding the origin of the edema 
fluid in frostbitten extremities may be obtained 
by comparison of the protein content of the 
edema fluid with the plasma protein concentra- 
tion before and after injurj'. Such a comparison 
has been made for the data given here on two 
bases; (1) comparison of the mean protein con- 
centration of the edema fluid with the mean ini- 
tial plasma protein concentration; (2) compari- 
son, in individual animals, of the loss in total 
circulating protein with the total protein found 
in edema fluid. 

Determination of the initial plasma protein 
concentration (before frostbite) in 23 animals 
gave a mean value of 5.42 grams per 100 ml. 
(Range 4.00 to 6.56; S.E. of mean = 0.137). 
The protein concentration of edema fluid taken 
from frostbitten feet and from blisters on fro.'it- 
bitten ears during the first few hours after in- 
jury were given previously as 4.13 grams per 
100 ml. and 4.23 grams per 100 ml. respectively. 
If these values for protein concentration in the 
edema fluid are compared directly with the mean 
plasma protein concentration it may be calai- 
lated that for feet 76.2 per cent or for ear.s 78.0 
per cent of the edema fluid is whole plasma .and 


252 


I'KKDKKICK A. I'UHRMAK ANJ) J. JM. CRISMON 


TAHLE V 

Protein content of edema fluid 
Calculated data derived from expcrimeiilal data 
in preceding table 


I 

2 

3 

4 

5 

6 

^ 7 

Animal 

Calc.* 

plasma 

volume 

Root 

volume 

increase 

Decrease 
in plasma 
protein 
(deter- 
mined) 

Grants 

protein 

lost 

Protein cone, of 
edema fluid 

wcis'il. 

Tlico- 

rctical 

Ob- 

served 

H'n. 

ml. 

ml. 

grams per 
sao ml. 


grams per 100 ml. 

2.59 

103.6 

35 

1.57 

1.63 

I 4.66 

3.6 

1.76 

70.4 

20 

.98 

.69 

3.45 


2.40 

96.0 

30 

1.24 

1.19 

3.97 

3.8 

2.50 

100.0 

100.0 

38 

38 

1.37 

1.20 

1.37 

1.20 

3.61 

3.16 

1 

3.1 

2.50 

100.0 

25 

1.01 

1.01 

4.04 

4.3 

2.80 

112.0 

35 

1.09 

1.22 

3.49 

5.3 


* Four per cent of body weight. 


the remainder .must therefore be plasma ultra- 
filtrate. 

The data given in Table III make it possible 
to calculate, for individual animals, the loss of 
total circulating protein as compared with pro- 
tein in edema fluid from the foot of the same 
animal. In Table III are given the initial plasma 
protein concentration, and, after 160 to 357 
minutes, the increase in foot volume and the 
plasma protein concentration at that time. In 
Table V are listed certain derived data from 
Table III, as well as the actual protein concentra- 
tion of the foot edema fluid from these animals. 
The normal plasma volume of these animals is 
assumed to be four per cent of the body weight. 
It may be seen that the loss in total circulating 
protein ranges from 0.69 to 1.63 grams if it be 
assumed that no change in plasma volume occurs 
(Column 5). When this is divided by the 
. volume of fluid measured to have accumulated 
in the foot during the time period given (Column 
3), the theoretical protein concentration of the 
edema fluid may be calculated (Column 6). 
Good agreement is seen between this theoretical 
' value and that actually determined (Column 7), 
indicating that the total loss of circulating pro- 
tein may be accounted for by protein occurring 
in the edema fluid. It should be pointed' out that 


this comparison involves, at best, a rough ap- 
pro.ximation of the actual changes. The determin- 
ation of the exact volume of edema fluid cannot 
be made with great accuracy by the displacement 
method. Furthermore the assumption that no 
change in plasma volume occurs is not strictly 
valid, since data presented below indicate a re- 
duction in plasma volume soon after injury, with 
a progressive replacement in plasma volume over 
a period of several hours. 

3. Changes in hemoglobin concenlralion and 
hematocrit during szveUing. 

The hemoglobin concentration and the hema- 
tocrit were determined in arterial blood during 
the period of swelling of the foot following a 3- 
niinute immersion at — 55° C. 

The procedure was as follows: Heparin was used as an 
anticoagulant. Hemoglobin was determined by the acid 
Iiematin method using 0.05 ml. of blood. Hematocrit was 
determined in Van Allen tubes without dilution of the 
blood. In several animals the hematocrit was calculated 
from the hemoglobin concentration using a value of 33.9 
grams hemoglobin per 100 ml. of packed co'tbrocytcs 
(17). This was calculated assuming an oxygen capacity, 
of 46.1 ml. of o.xygcn per 100 ml. packed cells (17) and 
1.36 ml. oxygen to be bound by 1 gram hemoglobin (18). 
In a limited number of determinations on rabbit blood 
the mean corpuscular hemoglobin concentration was found 
to be 33.6 grams per 100 ml. of packed erythrocytes. 

For the four animals in wliich both hemoglobin 
and hematocrit were determined on the same 
samples of blood, the mean corpuscular hemo- 
globin concentration was calculated for the ini- 
tial sample and the sample taken at the time of 
attainment of maximum foot volume. It was 
found that a decrease occurred in two animals 
(34.7 to 32.8 and 35.3 to 33.5) and no change 
occurred in the other two. Since the difference 
found was not great and appeared in onl}' two of 
four animals, swelling of erythrocytes during 
the development of edema is not considered to be 
an important or invariable consequence of cold 
injury under the conditions used here. 

The hemoglobin and hematocrit values, to- 
gether with the figures showing fluid loss to the 
injured foot and the whole blood specific gravity, 
are given in Table VI. As is to be expected 
from data given previously which indicated loss 
of about 77 per cent whole plasma, the hemo- 
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TABLE VJ 

Changes in hemoglobin concenlralion and hematocrit 
foUoTving frostbite of rabbits’ feel 
Feet exposed at —55° C. for 3 minutes 


Animal 

number 

Time 

after 

frostbite 

Increase 
in foot 
volume 

Whole 
blood 
spec. gr. 

Hemo- 

globin 

Hemato- 

crit 


min. 

ml. 


grams Per 
WO mi. 

Per cent 

45 

0 

0 

1.0470 

11.7 

33.7 


26 

6 

1.0455 

11.4 

33.2 


70 

28 

1.0456 

11.6 

35.5 


104 

37 

1.0466 

12.5 

35.4 


192 

38 

1.0468 

12.7 

36.9 


295 

38 

1.0495 

13.0 

39.7 

3 

0 

0 

1.0560 

14.1 

41.5* 


76 

18 

1.0570 

14.9 



183 

22 

1.0580 

16.4 



316 

23 

1.0576 

16.1 

47.5* 

13 

0 

0 

1.0550 

14.3 

42.5* 


37 

6 

1.0554 

14.8 



68 

10 

1.0564 

15.8 



174 

15 

1.0577 

16.1 



223 

18 

1.0569 

15.4 

45.6* 

7 

0 

0 

1.0599 

16.8 

49.5* 


203 

15 

1.0619 

17.3 
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16 

1.0622 

17.4 

51.5* 

19 

0 

0 

1.0504 

11.6 

35.0 


216 

21 

1.0510 

13.5 

41.0 

17-s 

0 

0 

1.0495 

11.8 

36.0 


190 

30 

1 0495 

12,9 

38,5 

6-s 

0 

0 

1.0533 

13.6 

38.5 


200 

36 

1.0521 

14.3 

42.7 


Number 45, 17, 6: Foot volume measured to tuber cal- 
canei. 

* Hematocrit calculated from hemoglobin (see text), 
s - spleen removed from circulation before frostbite. 


globin concentration and hematocrit are found 
to increase progressively during the period of 
swelling. These values are plotted in Figure 5 
for one representative animal. 

From a comparison of the initial and final 
hematocrit values, provided the loss of fluid 
to the injured foot is known, it is possible to 
calculate the e.xtcnt to which plasma volume, re- 
duced due to loss into the injured region, has 
been replaced by withdrawal of fluid from extra- 
oscular sources. These data are shown in 
able \TI. The cell volume is assumed to re- 
main constant throughout the experiment. In 
two animals (Nos. 17 and 6) the spleen was 
excluded from the circulation before frostbite 
>n order to exclude the addition of cdls from 
'°^’we. These animals did not appear to 
‘ ' ter from the other.s in the scries. 


T.ABLE \ni 

Calculations shoioing estimated replacement of 
plasma volume following severe cold injury 
See text for calculations and meanings of symbols used 


Animal number 

45 

3 

13 

7 

19 

17* 

6* 

Body weight (kgm.) 

2.50 

2.66 

2.85 

2.85 

2.20 

2.50 

3.20 

Initial Vi (ml.).... 

175 

186 

199 

199 

154 

175 

224 

Initial Bt 

33.7 

41J 

42.5 

49.5 

35.0 

36.0 

38.5 

V. (ml.) 

59 

77 

85 

97 

54 

63 

86 

Initial Vp (ml.) 

116 

109 

114 

102 

too 

112 

138 

Time after injury (min.) .... 

295 

316 

223 

246 

216 

190 

200 

Fluid lo^ (X) (ml.) 

38 

33 

24 

23 

30 

30 

36 

Calc, final Vp (ml.) 

78 

76 

90 

79 

70 

82 

102 

Calc, final Vi (ml.) 

137 

153 

175 

176 

124 

t45 

188 

Calc, final Bt — 

43.1 

50.4 

48.3 

55.4 

43.6 

43.5 

45.8 

Final Bt (determined) 

39.7 

47.5 

45.6 

51.5 

41.0 

38J 

42.7 

Final Vb (ml.). 

Replacement of plasma 

149 

162 

185 

189 

132 

164 

202 

vol. (ml.) 

(Final Vb — calc, final Vb) 

12 

9 

10 

13 

8 

19 

14 


* Spleen occluded from the circulation before cold injury. 


For Table VII the calculations involved are as follows: 
initial blood volume (Initial F^) is assumed to be 7 per 
cent of the body weight, from which is calculated the 
initial cell volume (Fe) and the initial plasma volume 
(Initial Fp) by use of the hematocrit determined initially 
(Initial Ht), 


Vc~ (Body weight X 0.07) X Initial Ht 
Initial Fp = (Body weight X 0.07) X (100 — Initial Hi) 

If it be assumed that the fluid lost (A') 'into the injured 
region is plasma and that the plasma volume is reduced 
by the amount (A'), then the following calculated values 
may be derived : 


Calc. Final Vp = Initial Vp — X 
Calc. Final Vt = Cal. Final Vp + F, 

^ , T- . rr. Vc X 100 
Calc. Final HI = 75-; — =; — rrrr- 
Calc. Final Vt 


If, now, the final determined hematocrit value (Final Hi) 
be compared in each case with the final calculated hemato- 
crit (Calc. Final Ht), it is found that the determined 
hematocrit value is smaller in all the animals. This indi- 
cates that part of the plasma lost has been replaced by 
water withdrawn from the interstitial compartment and 
from the gut The e.xtent of this replacement may be 
estimated by calculation of the blood volume on the basis 
of the determined final hematocrit (Final Hi) and com- 
parison of this figure with the calculated final blood vol- 
ume (Calc. Final F») derived abot'c. 


Final Fj = 


Calc. Final Ht X Calc. Final I't 
Final Ht 


It is found (Table VII) that the replacement of plasma 
volume amounts to from S to 19 ml. in the time intcn-al 
studied. 


An examination of the hematocrit values fol- 
lowing cold injurv- thus indicates a rcfJuction in 
plasma volume which is partially rc-p'.aced by 
extravascular fluid within a few hours. Further 
evidence for this is given in the ne.xt section. 
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4. Measurement of plasma volume following 
cold injury 

In four animals the plasma volume was de- 
termined by the dye method immediately before 
frostbite and again after 2 to 4 hours. Pre- 
liminary experiments showed that intravenously 
injected T-1824 was readily lost from the circu- 
lation into the injured foot, so that the frost- 
bitten foot must be excluded from the circulation 
before the second plasma volume determination 
is made in order to obviate fictitiously high values. 

The procedure was as follows; Initial plasma volume 
was determined by the intravenous administration of 2 
mgm. per kgni. T-1824: the determination of the dye 
concentration in plasma was made after 10 minutes (19). 
Plasma volume after frostbite was determined after first 
occluding the circulation to the injured foot by a tour- 
niquet placed just above the knee. A blood sample was 
then withdrawn to serve as a control, an additional in- 
jection of 1 mgm. per kgm. T-1824 was made intra- 
venously, and the dye concentration again was determined 
after 10 minutes. Concentrations of T-1824 were deter- 
mined in undiluted plasma using a 620 Mm. filter in a 
Klett-Summerson photoelectric colorimeter. 

Table VIII shows the results of determinations 
of initial plasma volume and plasma volume after 
frostbite of one hind foot at — 55° C. for 3 
minutes. It will be seen that the detenninations 
made 120, 148, and 180 minutes after injury all 
show reductions in plasma volume, but that after 
240 minutes (in one animal) the plasma volume 
is made up to its initial value. These results 
confirm those obtained by calculation of hema- 
tocrit differences in showing that the fluid lost 
from the plasma is rapidly replaced during the 
first few hours after injury. 

TABLE VIII 

Plasma vohime before and after severe cold injury 

Plasma volume was determined by the use of T-1824 as 
described in the text 


Animal number 

82-B 

12 

82 

79 

Weight (kgm.) 

3.855 

4.044 

4.095 

1.760 

Initial hematocrit 

38 

43 

43 

39 

Final hematocrit 

Time after injury of second 
plasma, volume measurement 

44 

49 

46 

38 

(min.) 

120 

148 

180 

240 

Increase in foot volume (ml.) . . . 

28 

27 

38 

20 

Initial plasma volume (ml.) .... 

172 

183 

156 

97 

Final plasma volume (ml.) .... 

143 

117 

125 

98 

Difference (ml.) 

-29 

-66 

-31 

-1-1 


5. Oxygen and hemoglobin conccnlration in 
blood flo7ttlng from frostbitten limbs. 

These determinations were made on samples 
of blood withdrawn from the anterior tibial vein 
following immersion of the foot for 3 minutes 

TADI.E IX 


Venous and arterial blond hemoglobin concentration 
and oxygen content following sreerc cold injury 


.Animal 

number 

Time 

after 

frost- 

bite 

Foot 

volume 

iiicrare 

content 

Hemoglobin 

Venniis 

.Arterial 

Venous 

.Arterial 



r*/ 

rof. 

vol. 

zratns 

grams 




[•rr cent 

[•er cent 

cent 

per cent 

5 

0 


14.9 

17.9 




15 


16.4 





60 


16.9 




11 

0 

0 

11.4 

14.S 




97 


18.1 





115 



17.0 




135 


16.6 





150 



16.1 




210 


l.kS 





232 


13.0 





265 



16.3 




294 

37 





4 

0 

0 

15.5 

17.6 




20 



21.9 




33 

6 

21.4 





44 



1S.9 




59 

15 






68 


23.9 





78 



18.1 




147 


15.5 





158 

23 


22.0 



3 

0 

0 

14.8 

16.2 

14.1 

14.1 


26 


16.2 





46 



18.1 


14.0 


58 




1 15.2 



62 

14 

17.2 


15.2 



76 

18 


22.4 


14.9 


96 

21 

19.2 


17.2 



183 



21.8 


16.4 


211 


19.1 

20.0 

17.0 



268 


19.3 


16.9 



316 

23 


19.7 


16.1 

13 

0 

0 

13.7 

16.6 

14.8 

14.3 


20 

2 

15.4 


14.9 



37 



17.2 


14.8 


56 



18.0 


15.8 


68 


16.1 





80 

11 



15.9 



163 



18.0 




174 



19.2 

16.1 



198 


22.2 





223 

18 


16.9 

15.8 


7 

0 

0 

18.2 

19.0 

17.4 

16.8 


133 

4 






186 


18.2 


18.9 



203 

14 


21.9 


17.3 


223 

16 

16.2 


16.9 



246 



22.0 


17.4 
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at — 55° C. In a number of instances arterial 
samples were also obtained for comparison. 

When serial samples of blood were taken, it was neces- 
sary to withdraw only very small volumes of blood in 
order that the blood volume be altered as little as possible. 
This was done by drawing blood directly from the vein 
into a Roughton-Scholander (20) blood pipette (1.0 to 
1.5 mm. bore, containing 100 cmm.) which was first 
wet with heparin solution (10 mgm. per ml.). The 
pipette was fitted to a 26-gauge hypodermic needle by 
means of a rubber gasket in the needle hub. The pres- 
sure in the vein was sufficient to fill the pipette. After 
removal of the needle, samples of blood for the deter- 
mination of hemoglobin (20 cmm.) and specific gravity 
(20 cmm.) were transferred directly to appropriate 
pipettes, enough blood being left in the original pipette 
for determination of oxygen content by the method of 
Roughton and Scholander (20). 

The results of these determinations are given 
in Table IX. Data for an individual animal (No. 



’ic. 6. Time Course of Chances in Whole Blooh 
■_ rEciFic Gravitv, Plasma Protein, Hemoglobin, Blood 
x\CEN Content, and Foot Volume .After Se\'ere 
'-OLD Injury of One Hind Foot 

Representative data from one animal after immersion 
o one oot at —55° C. for 3 minutes. 

-olid lines venous whole blood or plasma 

Broken lines arterial whole blood or plasma 


3) are plotted in Figure 6. As swelling of the 
injured leg occurs, the oxj'gen content of the 
venous blood flowing from the leg increases. In 
some cases the venous oxygen content actualty 
exceeded the arterial oxygen content, due to loss 
of plasma in passage of the blood through the 
injured tissue. In all animals o^’gen content 
of both venous and arterial blood increased dur- 
ing the period of swelling. In three animals 
(Nos. 3, 13, and 7) the hemoglobin concentra- 
tion was also determined in the same blood 
samples in which oxj-gen content ivas deter- 
mined.. By using a value for oxygen capacity of 
hemoglobin of 1.36 ml. per gram (18), the blood 
oxygen saturation has been calculated for differ- 
ent time periods after injury. These calculations 
all indicate that during the period of swelling 
the tissue of the injured limb is utilizing oxygen 
(that is, tissue death did not occur from the ex- 
posure at —55° C.). The data are not exten- 
sive enough to permit definite conclusions to be 
drawn as to whether oxj-gen utilization is de- 
creased soon after injurjL Such decrease in 
coefficient of oxygen utilization occurred in two 
of the three animals studied. 

DISCUSSION 

It has been pointed out that, following vascu- 
lar occlusion of the rabbit ear prolonged enough 
to lead to gangrene of the part (9), the protein 
concentration of the edema fluid is almost identi- 
cal with that occurring after frostbite. Like- 
wise the protein concentration of edema fluid 
and the changes in hemoglobin and hematocrit 
reported here agree with those found by Hark- 
ins and Harmon (10) after freezing approxi- 
mately one-quarter of the body surface of dogs. 
The &rly hemoconcentration observed to follow 
severe burning, which resembles that found in 
this series of animals following frostbite, has 
been observed by man\' workers in both animals 
and man (11, 12). Both the tissue edema fluid 
(21) and blister fluid (22) from burned areas 
have been demonstrated to be exudates with a 
protein concentration approaching that of plasma. 
Presman ct al. (23) report the protein concentra- 
tion of blister fluid taken from burned human 
beings to be about 70 per cent that of plasma. 
This is in good agreement with the vtiluc of 77 
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per cent found in this series of animals after 
frostbite. ' The plasma protein changes follow- 
ing burning have been studied recently by 
Lischer et al. (24). Plasma albumin tended to 
fall in all animals, but plasma globulin fell only 
in less severely burned animals which survived. 
It has not been determined whether the fall in 
plasma protein following frostbite is due chiefly 
to decrease in the albumin fraction. 

The significance of swelling, as one of the 
manifestations of injurj' following the exposure 
of parts of the body to severe cold, may be 
judged basically from two points of view: (a) 
its correlation with the extent of tissue loss and 
the course of healing; and (b) the information 
it may furnish concerning the nature of the in- 
jury produced. The experiments described above 
indicate that the magnitude of swelling alone is 
of relatively little help in aflfording a basis for 
describing the final outcome of injuries produced 
by cold. On the other hand, the rates of its ap- 
pearance and its duration have a fairly consistent 
relation to the severity of injury. In those ani- 
mals subjected to cold of sufficient degree and 
duration to produce complete gangrene and loss 
of the exposed part, the edema which appeared 
was more rapid in onset and disappearance than 
in the milder forms of injury. In no case did 
gangrene appear without the previous occurrence 
of massive edema in the injured region. 

The demonstration that the fluid lost from the 
blood stream into the interstitial compartment 
of the injured regions contained large amounts 
of protein furnishes evidence of increased capil- 
lary permeability. Protein was found in quanti- 
ties equalling that to be expected if as much as 
77 per cent of the total volume of edema fluid 
were whole plasma. There occurred a massive 
loss of protein from the blood into injured feet 
and ears which recovered, as well as into those 
which became gangrenous. Thus, injury of 
capillaries sufficiently severe to induce increased 
permeability to plasma protein does not appear 
to be the determining event in the development 
of gangrene. However, the amounts of indura- 
tion and persistent periarticular fibrosis which 
' characterize the healing stage following injury 
by severe cold probably depend upon the protein 
centent of the edema fluid. 


The loss of plasma from the blood stream dur- 
ing the course of swelling is sufficient to produce 
moderate increases in hemoglobin concentration 
and hematocrit during the first few hours after 
injury. Shock was not observed in any of the 
animals studied, probably because of the limited 
size of the injury. As plasma is lost into the 
injured region, the blood becomes diluted by fluid 
from the interstitial compartment and probably 
from the gut as well, so that the volume of fluid 
lost to the frostbitten part is greater than the 
quantity by which the plasma volume is reduced. 
While the replacement of plasma volume is suffi- 
cient to produce a fall in pla.sma protein concen- 
tration during the first few hours after injury, 
it is not enough to compensate completely for the 
fluid loss, and a moderate increase in hematocrit 
occurs. 

SUM MARY 

Following severe cold injury, produced by im- 
mersion of one hind foot of rabbits in liquid at 
— 55° C. for 3 minutes, massive local edema of 
the part is an inevitable consequence. Investiga- 
tion of the specific details involved in the de- 
velopment of the edema permit the following 
conclusions to be drawn. 

1. Swelling of the foot begins as soon as thaw- 
ing is complete and reaches a maximum in about 
6 hours. Decrease in volume begins about 24 
hpurs after injury and continues progressively 
during the next 5 days until the foot dries and 
becomes mummified. The maximum foot volume 
is about 3 times the initial volume. 

2. Subcutaneous tissue pressure in frostbitten 
feet increases as the feet swell, until a pressure 
of about 25 cm. HoO is attained 4 to 6 hours 
after injury at a time when the volume of the feet 
is maximal. 

3. Fluid withdrawn from frostbitten feet dur- 
ing the stage of maximal edema and fluid from 
blisters on frostbitten ears contain an average 
of 4.3 per cent protein. The protein concentra- 
tion of the fluid decreases progressively with time 
after injury. 

4. The presence of toxic materials in the edema 
fluid was not indicated by the following tests : 
application to isolated guinea pig and fowl in- 
testinal smooth muscle; intradermal injection in- 



STUDIES ON GANGRENE FOLLOWING COLD INJURY. Ill 


257 


to rabbit ears ; intravenous ' administration to 
rabbits while arterial pressure was being re- 
corded. 

5. The mean protein concentration of edema 
fluid from frostbitten feet is equivalent to about 
76 per cent of the protein concentration in plasma 
before injury. 

6. Plasma protein concentration is reduced 
during the first 6 hours after injury but is re- 
stored after 24 hours. 

7. Moderate increases in hematocrit and hemo- 
globin concentration of the blood occur during 
the period of swelling of the foot. 

8. Calculation of the extent to which fluid lost 
into the injured limb is replaced by extravascular 
fluid indicates that plasma volume is first re- 
duced and then progressively restored during the 
first 6 hours after injury. Determination of 
plasma volume by the dye method in four ani- 
mals before and after injury agrees with the 
plasma volume changes calculated on the basis 
of changes in concentration of blood constituents. 

9. During the period of swelling, loss of fluid 
consisting of about 76 per cent plasma is rapid 
enough to result in decrease in plasma volume. 
Progressive replacement of plasma volume dur- 
ing the first few hours after injury is sufficient 
to result in a fall in plasma protein cencentra- 
tion, but is not great enough to compensate com- 
pletely for the fluid loss to the foot; thus, moder- 
ate increase in hematocrit occurs. 

10. In some cases oxygen content of venous 
blood draining from the injured limb during 
swelling exceeded arterial oxygen content due 
to loss of fluid into the injured area. Oxygen 
utilization by the injured limb occurs during the 
first 5 hours after injurj'. 
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The use of fluorescein as a means of de- 
termining the adequacy of blood flow and the 
degree of capillary permeability in both normal 
individuals and in those manifesting various 
pathological states has been described in a series 
of papers by Kurt Lange and his associates (1, 
2, 3). In general, the method depends upon the 
introduction of fluorescein into the blood stream 
and its detection by exposing the region under 
study to ultraviolet light. Data have been 
obtained by. direct observations, photographic re- 
cording, and photoelectric registration of the yel- 
low-green glow which results from the excita- 
tion of fluorescein in the tissues. It is obvious 
that the appearance of fluorescence in tissues re- 
mote from the site of injection of fluorescein 
demonstrates the existence of circulating blood 
within the area under observation. However, 
the interpretation of the significance of grada- 
tions in the intensity of fluorescence, the rate at 
which maximum intensity is reached, and the rate 
at which it diminishes requires detailed knowl- 
edge of the properties of fluorescein and the man- 
ner in which it becomes distributed in blood and 
tissue fluid. 

Changes in the time-intensitj’ relationships of 
fluorescence after the intravenous injection of 
fluorescein have been used recently as the basis 
for explanations of certain abnormalities present 
in mjTcedema and in tissues subjected to severe 
injury by cold (4, 5). In both of these widely 
different abnormal states, certain of the diver- 
gences from normal in the distribution of fluor- 
escein were attributed to changes in capillary 
permeabilit}'. While there is no doubt that the 

^ The work described in this paper was done under a 
contract, recommended by tlie Committee on Medical Re- 
search, between the Office of Scientific Research and 
Development and Stanford University. 


permeability of the capillary membranes must 
play an important part in determining the dis- 
tribution of dye between the blood and the in- 
terstitial fluid, the influence of other factors af- 
fecting the blood-interstitial fluid equilibrium 
should not be overlooked. The recent important 
contributions of Zweifach and his coworkers (6) 
serve to illustrate how changes in the pattern 
of local blood flow may first alter, in a striking 
way, the freedom of exchanges bebveen the flow- 
ing blood and the interstitial fluid and later ^ve 
rise to stasis and changes in capillary permeabil- 
ity as secondary phenomena. 

The experiments to be described below were 
undertaken to study in normal rabbits the dis- 
tribution of intravenously injected fluorescein 
in blood and other body fluids, some of the fac- 
tors influencing fluorescein equilibrium, and the 
extent of penetration of cells by the dye. 

METHODS 

Fluorescein was administered to normal adult rabbits 
by injection into the marginal ear vein. The dose used 
was 75 mgm. per kgm. body weight and was given as a 
5 per cent solution of sodium fluorescein in distilled water. 
White rabbits were used in order to avoid errors due to 
skin pigment, and all areas for study were closely clipped. 
The source of the ultraviolet light used for tlie excitation 
of fluorescein was a Shannon unit No. 92 consisting of a 
mercury vapor spot lamp (HGCH4) mounted in a holder 
with adjustable trunnions on a transformer and fitted 
with two glass filters: a UV heat-resisting Red-Purple 
and a UV Blue Purple Ultra. 

Photoelectric measurement of the intensity of skin fluor- 
escence was accomplished by means of a photometer con- 
structed from a General Electric light sensitive cell of 
the barrier layer type connected tlirough a tap switdi to 
a reflecting galvanometer. The cell was mounted in a 
light-shielded housing set at a distance of 10 cm. from 
the surface of the skin area to be studied. A metal 
shield, set in the plane of the skin surface, restrictt'l th.e 
area, which served as the source of light falling cn th.r 
cell, to a circle 37 mm., in diameter. The v.h.ravi-let lamp 
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was held in a clamp with the surface of the globe at a 
distance of 11 cm. from the shield with the incident light 
directed on the skin at an angle of 45°, and at 90° to the 
path of the visible light from the skin surface to the 
light-sensitive cell. Light falling on the photo cell was 
restricted to the yellow-green region of tlie spectrum by 
means of a Wratten No. 61 filter mounted in the photocell 
housing. 

The intensity of fluorescence was expressed in units of 
galvanometer deflection. Galvanometer readings, taken 
when the skin was exposed to ultraviolet light before 
fluorescein injection, were subtracted from tliose after 
fluorescein to yield the cliange due to tlic presence of 
dye. The blank reading amounted to about 5 per cent of 
the maximum deflection under full fluorescence in normal 
animals. 

The concentration of fluorescein in blood and peritoneal 
fluid in most of the experiments was measured by adding 
1 ml. of the fluid in question to 6 ml. of 95 per cent ethyl 
alcohol and separating the precipitated protein by centrifu- 
gation. The fluorescein dissolved freely in the alcohol 
used for dilution and precipitation. The resulting yellow 
color was measured in a Klett Summerson photoelectric 
colorimeter with a Wratten No. 44a filter. The concen- 
tration of the dye was calculated by the comparison of 
colorimeter readings with values obtained from a standard 
curve plotted from colorimeter readings made on alcoholic 
solutions of fluorescein of known concentration. Blanks 
were prepared from a mixture of alcohol and fluorescein- 
free blood to obtain a zero setting of the colorimeter. 
Comparison of readings from solutions containing known 
amounts of fluorescein dissolved in alcohol with readings 
obtained upon alcoholic extracts of blood to which known 
amounts of fluorescein had been added showed that the 
yield of fluorescein was complete and that no interfering 
pigment was retained in the extract. 

A few of the analyses were carried out without ex- 
traction. Twenty cu.mm, of the blood or other fluids 
were diluted to 50 ml. with phosphate buffer at pH 7.0, 
and the concentration of fluorescein was measured in a 
Coleman Photofluorometer against solutions of known 
fluorescein concentration. Good agreement was obtained 
between the results from both methods of analysis. 

V 

RESULTS 

1. The relation between blood concentration of 
■fluorescein and the fluorescence of the skin. 

The gross appearance of fluorescent skin un- 
der ultraviolet light after the intravenous injec- 
tion of fluorescein indicated an initial distribution 
of dye in close relation to blood vessels. Within 
a very brief time fluorescence was uniform over 
the whole area in a manner consistent with the 
free passage of dye between the blood and the 
extravascular fluid. The time relations of this 
equilibrium were explored in normal rabbits by 



Fig. 1. Change in Intensitv of Fluorescence in 
Normal Rabbit’s Ear with Time Compared to Dis- 
appearance OF Im.uorf.scein from the Blood 

Representative data from one animal. Open circles — 
fluorescence, in galvanometer units. Solid circles — con- 
centration of blood fluorescein. 

making serial measurements of both the concen- 
tration of fluorescein in the blood and measure- 
ments of the intensity of skin fluorescence. Fig- 
ure 1 sliows curves plotted from representative 
data from one animal. The curve describing the 
rate of disappearance of fluorescein from the 
blood is of the “die-away” type and indicates the 
dependence of rate of removal upon concentra- 
tion gradients. Since fluorescein is excreted 
freely in the urine (3) at the same time as it is 
being moved from the blood stream to the extra- 
vascular fluid, this curve represents the change 
in concentration resulting from loss of dye as 
well as its dilution in the entire extracellular 
phase. The maximum intensity of skin fluor- 
escence was reached at a time when the blood 
concentration was falling rapidly. Fluorescence 
declined very little over the following period of 
about 15 minutes. In this short interval the 
blood concentration of dye decreased sharply by 
18 to 20 mgm. per 100 ml. In the period from 
30 minutes after the injection of fluorescein up 
to 140 minutes, the decline of intensity of fluor- 
escence exhibited an orderly decrease in rate 
with time. Thus, the curve describing decreas- 
ing fluorescence from 30 minutes after injection 
is qualitatively similar to that describing the 
change in blood concentration of dye. 

The regularity of the rate of disappearance of 
fluorescein from the blood of rabbits is illustrated 
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Fig. 2. Change in Blood Fluorescein Concentration 
WITH Time in Normal Rabbits 
Data from determinations in 14 animals after intra- 
venous injection of 75 mgm. per kgm. sodium fluorescein. 
Open circles — individual determinations. Curve with 
solid circles fitted to data on a semi-log plot by method 
of least squares (Figure 3). 

by the curve in Figure 2. The open circles rep- 
resent individual measurements of blood fluor- 
escein on 14 animals. The same data were 
plotted as the logarithm of the blood concentra- 
tion against time in Figure 3. The rectilinear fit 
in Figure 3 was calculated by the method of 
least squares. The line drawn through the solid 
circles in Figure 2 was derived from the least 
square fit by the general formula 

log y = a + bx. 

The constants for the line drawn in Figure 3 
are; a = 2.48 and b = 0.0118. 

A similar regularity in the rate of decrease of 
fluorescence is illustrated in Figure 4. This 
graph shows the distribution of the measure- 
ments on the ears of six normal rabbits of fluor- 
escence intensity expressed as the log of the in- 
tensity in galvanometer units plotted against 
time. Each point represents an individual meas- 
urement. The straight line was fitted by the 
method of least squares. The constants arc a 
= 1.99 and b = 0.00S7. Statistical analysis of 
the slopes of the lines in Figures 3 and 4 showed 
that tlicy are not significantlj' different. 

These observations show that the maximum 
skin fluorescence does not coincide in time with 


maximum concentration of dye in the blood but 
rather occurs at a time vrhen the blood fluores- 
cein concentration has been sharply reduced. Thus, 
an important influence upon the rate of loss of 
d)-e from the blood stream is the rate at which it 
accumulates in the extravascular fluid, and the 
intensity of fluorescence in the skin must be con- 
sidered an expression of extravascular fluores- 
cein concentration rather than an expression of 
either blood flow rate or the concentration of 
fluorescein in the blood. However, it is clear 
that the rate at which the dye may enter or leave 
the extravascular fluid is dependent in some way 
upon concentration gradients. These data do 
not permit a decision as to the relative import- 
ance of diffusion or filtration as factors deter- 
mining the rate of transfer. 



Fig. 3. Change in Blood Fluorescein Concei.'tr.^tion 
WITH Time in Normal Rabbits 

The logarithm of blood fluorescein concentration is 
plotted as a function of time for s’arious inten-als after 
intravenous injection of 75 mgm. per kgm. sodium fluores- 
cein. Straight line calculated by the mcth-yl of lea?t 
squares.' Each point represents a single dcterrr.imtion. 
Data from 14 animals. 
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TIME IN MINUTES 


Fig. 4. Intensity of Fluorescence of Rabbits’ Ears Expressed as Log 

Galvanometer Units 

Straight line calculated by the method of least squares. Data from 6 
animals. Each symbol represents 1 animal. Fluorescein injected at zero 
time. 


2. The diffusion of fluorescein from the blood 
against a filtration gradient 

Although Lange and Boyd (3) have studied 
the role of diffusion and filtration in exchanges 
of fluorescein across membranes, their experi- 
ments were carried out in vitro with collodion 
membranes. In order to demonstrate in vivo 
the free passage of dye from the blood into extra- 
vascular fluid under circumstances where the 
net filtration gradient was bringing about a 
movement of fluid into the blood stream, fluor- 
escein exchanges were studied . in three rabbits 


which had received intraperitoneal injections of 
Ringer’s solution before dye was administered. 

Each animal received SO ml. per kilogram body weight 
of Ringer’s solution containing 0.2 per cent glucose. The 
Ringer’s solution was injected intraperitoneally, and, im- 
mediately afterward, the usual dose of fluorescein was 
injected intravenously. Samples of blood and of fluid 
aspirated from the peritoneal cavity were taken at in- 
tervals and the concentration of fluorescein was deter- 
mined. After 107 to 140 minutes, the animals were killed 
and the volume of fluid remaining in the peritoneal cavity 
was measured. Estimation of the protein concentration 
of plasma and of peritoneal fluid was made by the method 
of Barbour and Hamilton (7). 
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TABLE I 

Changes in fluorescein concentration in 
Mood and peritoneal fluid 

75 mgm. per kgm. fluorescein injected intravenously 
50 ml. per kgm. Ringer’s solution injected intraperitoneally 


Animal 

number 

Weight 

Time of sampling. 
Minutes after 
dye injection 

Plasma 

1 protein 

Fluorescein 

Blood 

Peri- 

toneal 

fluid 

Blood 

Peri- 

toneal 

fluid 


kgm. 

1 

i 

grams Per 
100 ml. 

mgm. Per 100 ml. 

23 

2.20 

15 

12 

5.78 

21.5 

0.70 



42 

39 

5.37 

9.6 

0.80 



85 

82 

5.48 

2.8 

1.30 



122 

118 

5.52 

1.2 

1.45 



146 

148 

5.34 

0.7 

1.40 

20 

2.46 

10 

21 

4.99 

27.4 

0.90 


1 

39 ! 

45 

5.03 

13.5 

1.20 



75 

82 

5.41 

5.8 

1.40 



122 

126 

5.07 

2.1 

1.30 

28 

1.80 

11 

16 

4.45 

23.0 

1.10 



39 

43 

4.66 

11.8 

2.40 



65 

71 

4.52 

5.4 

3.20 



102 

107 

4.39 

1.7 

2.90 


TABLE It 

Diffusion of fluorescein against a filtration gradient 

Terminal fluid volume and fluorescein concentradons 
after intraperitoneal injection of SO ml. per kgm. body 
weight of Ringer’s solution and intravenous injection of 
75 mgm. per kgm. fluorescein. 


Ani- 

mal 

num- 

ber 

Mgm. dye 
injected 
at 75 
mgm. per 
kgm. 

Ringer's solution 


Dye in peritoneal fluid 

In- 

jected 

Re- 

cov- 

ered 

Re- 

cov- 

ery 

Total 

time 

Final 

cone. 

Total 

. 

jected 

dye 

20 

23 

28 

181 

165 

135 

ml. 

123 

110 

90 

ml. 

53 

72 

50 

Per 

cent 

43 

65 

56 

min. 

126 

148 

107 

mgm. Per 
100 ml. 

1.3 

1.4 

2.9 

mgm. 

0.69 

1.10 

1.45 

per 

cent 

0.38 

0.67 

1.07 


Data obtained from three animals are pre- 
sented in Tables I and II. Figure 5 shows 
curves describing the time course, in a repre- 
sentative experiment, of the changes of dj'c con- 
centration in the blood and in the Ringer’s solu- 
tion withdrawn from the peritoneal cavit}'. The 
intersection of the curves at 110 minutes after 
the injection of fluorescein shows the time at 
which the concentration of the dye was equal in 
blood and peritoneal fluid. For approximately 
40 minutes thereafter, the concentration of dye 
in blood continued to decrease while that of the 


fluid in the peritoneal cavity decreased compara- 
tively little. Since the change in fluid volume 
in the peritoneal cavity of all three animals 
(Table II) showed vigorous absorption during 
the time that dye was passing into this fluid, the 
net change in fluorescein concentration was one 
largely determined by diffusion pressure. The 
permeability of capillaries within the peritoneal 
cavity during the experiments was assumed to 
undergo no significant change, since the highest 
specific gravity measured on peritoneal fluid did 
not exceed 1.0066. The data in Table I show 
that the concentration of dye in the peritoneal 
fluid reached and exceeded the concentration in 
the blood in two of the animals tested. In the 
remaining animal (No. 20), the concentration 
of dye in the peritoneal cavity began to decline 
before it reached equilibrium with the blood. 

Teorell (8) has made an extensive theoretical 
analj'sis of the kinetics of distribution of sub- 
stances introduced into the body on the basis of 
the following relationships derived from Fick’s 
law: 

(a) the total amount of substance transferred 
between blood and the tissue is: 

amount = diffusion coeff. X cone, gradient 
-dN D dc/dx 

X surface X time (1) 
A dl 

and 

(b) since the diffusion coefficient is related to 
the net value of the friction coefficients encoun- 
tered, it will be incorporated wdth the effective 
permeation surface {A in Eq. 1) and the bound- 
aiy thickness in a "permeability coefficient” as 
k'„ in the following: 

Amount across boundarj' in tlie time unit 
-dN 
-dl 

= perm, coeff. X cone. diff. (2) 
kn' 

IT Vo 

where Nt, V « and AT, Vo are the amounts of the 
substance and the fluid volume respectively in- 
side and outside the boundaiy, and “amount” is 
the number of gram molecules or grams or any 
unit. 

WTiere it may be assumed safely that the dis- 
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tribution of the substance introduced into the 
blood is not complicated by selective accumula- 
tion in depots, reaction with blood constituents, 
by tissue inactivation or by changes in volumes 
of fluid concerned, Teorell’s analysis, by the 
simple formulation given above, may be applied. 
His calculations show that, after the concentra- 
tion of substances in the blood and in the extra- 
vascular phase have become equal, the removal 
of substances from both phases occurs at about 
the same rate but that the concentration of sub- 
stances in tissue fluid remains persistently above 
that in the blood. 

The conditions of the experiments reported 
here differ from those in Teorell’s analysis in 
two ways : the dye leaves the blood and enters 
a large amount of fluid which is continuously 
changing in volume, and in addition, the blood 
is being continuously diluted by the fluid which 
is being absorbed. Zweifach (9) has pointed out 
that transfers of fluid across capillary membranes 
are "transfers of fluid in bulk." It may be as- 
sumed that the transfer of fluid from the peri- 
toneal cavity involves also the removal of at 
least some of the fluorescein which had previ- 
ously passed into this fluid from the blood stream. 

The course of events in animal No. 20 serves 
to emphasize the effect of fluid filtration from 
the peritoneal cavity to the blood upon final con- 
centration relationships. A simplified statement 
of the factors determining the concentration of 
dye in peritoneal fluid may be presented as 
follows : 



Fig. 5. Time Course of Changes in Fluorescein Con- 
centration IN Blood and Peritoneal Fluid 
Representative data from 1 animal. Fluorescein in- 
jected at zero time. Solid circles — concentration of 
fluorescein in blood. Open circles — concentration of 
fluorescein in peritoneal fluid. 

manner described. The attainment of fluores- 
cein equilibrium between blood and the Ringer’s 
solution in the peritoneal cavity may not safely 


(dye entering mgm. per min.) — (dye leaving mgm. per min.) _ mgm. gain or loss of dye _ chan e 
(fluid entering ml. per min. — (fluid leaving ml. per min.) ml. gain or loss of volume ^ 

in cone, of dye and the concentration of dye in the peritoneal fluid may be expressed as 


mgm. of dye per 100 ml. 


net change in cone, of dye 

volume of fluid in the peritoneal cavity 


X 100. 


Where the rate of fluid filtration from the peri- 
toneal cavity is high, as it was in the case of 
animal No. 20, the rate of removal of dye along 
with the fluid may be sufficiently great to bring 
about a decline of fluorescein concentration in 
the peritoneal cavity before concentration equi- 
librium is established. We have no reason to 
believe that there was any qualitative difference 
in the processes involved in fluorescein ex- 
change among the three animals tested in the 


be considered to represent simple relationships 
of diffusion pressure and permeability. The 
magnitude of the equilibrium concentration and 
the time at which this concentration was reached 
depends upon the rate and direction of fluid ex- 
change as well as upon the rate and direction of 
transfer of dye. 

These observations show that, while fluores- 
cein may diffuse out of the blood into extravascu- 
lar fluid at the same time as fluid is being actively 
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taken into the blood in the same region, the 
movement of dye is not independent of the 
movement of water. 

3. The extent oj cell penetration by fluorescein. 

A further examination of the distribution of 
fluorescein after intravenous injection was car- 
ried out by the analysis of blood and skeletal 
muscle from animals subjected to previous liga- 
tion of the renal pedicles. Three rabbits were 
anesthetized by the intraperitoneal injection of 
dial, 90 mgra. per kgm. body weight. After sup- 
plementary administration of ether the renal ped- 
icles were ligated acutely either through lumbar 
incisions or by an abdominal approach. The 
wounds were closed and control blood samples 
were taken. An intravenous injection of fluor- 
escein, 75 mgm. per kgm. body weight, was given. 
At intervals approximately one-half hour apart, 
three blood samples were taken. Following the 
last sample, the animals were killed and samples 
of skeletal muscle were excised. Plasma was 
analyzed for fluorescein by the methods described 
previously. The muscle samples were weighed, 
homogenized in a Waring Blendor and subjected 
to extraction for the determination of fluorescein. 
The muscle from the first animal studied was 
extracted directly with 95 per cent alcohol in the 
proportion of 1 gram of minced muscle to 6 ml. 
of alcohol. Although the muscle was grossly 
yellow in appearance this method of extraction 
yielded no detectable fluorescein when the alco- 
holic extract was subjected to colorimetric com- 
parison. In the remaining two animals the 
muscle samples weighing approximately 50 
grams each were extracted directly in 200 ml. 
of cold phosphate buffer at pH 7.0 or were sub- 
jected to repeated freezing and thawing before 
final separation of the extracting medium by 
centrifugation. The shapes of the curves de- 
scribing the “dilution” of injected fluorescein 
indicated that even at the end of 150 minutes the 
blood concentration of the dj’e continued to fall 
slowly. Calculation of the volume of fluid in 
which the fluorescein would have to be dissolved, 
il solution alone were to account for the reduced 
concentration with time, showed tliat the appar- 
ent distribution volume of dye amounted to 39 
to 45 per cent of the animal’s body weight. Vari- 


ous investigators (10, 11) have found that the 
extracellular phase of most mammals including 
rabbits comprises between 20 and 30 per cent 
of the body weight. Therefore, the apparent dis- 
tribution volume of fluorescein observed in the 
present studies must be accounted for by an ap- 
preciable penetration into the cellular compart- 
ment, or loss by some other route. 

The analyses of muscle samples from the same 
animals yielded values for fluorescein concentra- 
tion of 1.03 to 1.92 mgm. of dye per 100 grams 
of fresh muscle. On the assumption that even 
distribution of fluorescein existed throughout the 
extracellular phase, the comparison of plasma 
fluorescein with muscle fluorescein showed that 
the distribution volume of dye amounted to 8.4 
to 11.4 per cent of the muscle weight. Others 
have reported that the extracellular phase of rab- 
bit muscle is approximately 16 per cent by weight 
(10). It, therefore, seemed unlikely that the 
large total distribution volume of dye could be 
accounted for on the basis of a general penetra- 
tion of dye into cells. 

All of the animals were observed to have 
brightly fluorescent yellow' d 3 'e in the gallbladder 
bile and in the lumen of the intestine. Analysis 
of the intestinal fluid for fluorescein in one ani- 
mal show'ed that the concentratioii of dye was 
45.75 mgm. per 100 ml. The apparent dilution 
volume of dye, estimated from the amount in- 
jected and the final concentration, was greatly 
in excess of the extracellular phase volume calcu- 
lated as 25 per cent of the body weight; 925 ml. 
compared to 500 ml. The amount of dye whicii 
would be dissolved in tbe volume representing 
the difference between the two values given 
above at the final blood concentration of 16.25 
mgm. per 100 ml. was 

425 ml. X ^ 

100 ml. 

If all of this “lost dye” were in the intestinal 
tract at a concentration of 45.75 mgm. per 100 
ml., the volume of fluid necessarj- to accommo- 
date it would be; 

69.1 mgm. _ 45.75 mgm. 

F 100 ml. 

T' = 151 ml. 

Since the brilliant fluorescence of gallbladder bile 
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indicated a concentration of dye even greater 
than that in the fluid in the lumen of the intestine, 
a dilution volume much less than the estimated 
volume of 151 ml. would actually accommodate 
the amount of “lost dye” indicated above. Car- 
michael, Strickland, and Driver (12) report data 
from which the water in the contents of various 
parts of the gastro-intestinal tract of rabbits may 
be calculated. The average water content of the 
small intestine, cecum and colon from six rab- 
bits, weighing approximately 2 kilograms each, 
was 114 ml.’ Thus, it is reasonable to assume 
that the disparity between the measured distri- 
bution volume of fluorescein and that predicted 
for the extracellular phase may be accounted for 
by the amount of dye excreted into the bile and 
the lumen of the intestine. 

The distribution of fluorescein between plasma 
and red blood cells was studied on blood samples 
from four rabbits by equilibrating heparinized 
whole blood in vitro at 37° C. with known 
amounts of fluorescein. The fluorescein concen- 
tration of the separated plasma was determined 
at intervals, and the distribution of dye between 
the cells and the plasma phase was calculated 
from these measurements and the hematocrit 
.values. Within one minute after the addition 
of dye to the blood, only about 85 per cent of 
it could be found in the plasma, and over a pe- 
riod of 2 hours the plasma fluorescein dimin- 
ished to 82.7 per cent of the amount predicted 
from the -quantity of dye originally added to the 
sample. Thus, either penetration of fluorescein 
or its adsorption upon the surface of red blood 
cells removed from 15 to 17.3 per cent of it from 
the plasma. 

When red cells were subjected to alteration 
of their normal surface volume relationship by 
suspending them in solutions of sodium chloride 
varying in concentration from 1.8 per cent to 

0.54 per cent before equilibrating them with flu- 
orescein, no differences were noted in the amount 
of dye recovered from the non-cellular phase of 
the suspension. Since there is little or no change 
in cell surface area and large change in cell vol- 
ume under the above conditions, it seems likely 
that the disappearance of fluorescein from the 
plasma phase may be ascribed to surface adsorp- 
tion rather than cell penetration. 


CONCLUSION 

1. The intensity of fluorescence of regions ex- 
posed to ultraviolet light after the intravenous 
injection of fluorescein depends more directly 
upon the amount of dye in the intcr.stitial fluid 
than upon the concentration of dye in the blood. 

2. The amount of fluorescein present in the 
interstitial fluid depends to an important degree 
upon filtration processes involved in the ex- 
changes of plasma ultrafiltrate across capillary 
membranes as well as upon simple diffusion ex- 
changes. The movement of dye across capillary 
membranes should not, therefore, be considered to 
be independent of the movement of water. 

3. The distribution of fluorescein in the vari- 
ous water compartments of the body after intra- 
venous injection extends throughout the extra- 
cellular phase. The dye is excreted in large 
amounts in the bile and small quantities, 15 to 
17 per cent, become associated with the cellular 
fraction of the blood in a manner which suggests 
surface occlusion rather than penetration of the 
cells. 

SUMMARY 

The distribution of injected fluorescein, a flu- 
orescent dye, was studied in normal rabbits. A 
consideration of the relation of dye concentra- 
tion in the blood and the intensity of fluoresence 
of the animal’s skin under ultraviolet light indi- 
cated that maximum intensity of fluorescence is 
reached at a time when the concentration in the 
blood is falling rapidly. Thereafter, the disap- 
pearance of dye from the blood and the decline 
of intensity of skin fluorescence occurred at about 
the same rate. 

The exchanges of fluorescein injected into the 
blood stream with Ringer’s solution introduced 
into the peritoneal cavity of rabbits showed that 
the concentration of dye rose in the fluid within 
the peritoneal cavity during the time that the 
fluid was being actively absorbed into the blood. 
The concentration of dye in the fluid within the 
peritoneal cavity at any time after injection de- 
pends upon the amount of it entering and leav- 
ing the peritoneal cavity as well as upon the 
direction and volume of fluid exchange. There- 
fore, in circumstances where the volume of extra- 
vascular fluid may be changing, the movement 
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of dye is not independent of the movement of 
water. 

The distribution of intravenously injected 
fluorescein was tested in rabbits after ligation of 
the renal pedicles. Calculations of the apparent 
dilution volume of the dye yielded values equiv- 
alent to from 39 to 45 per cent of the animals’ 
body weight. Determinations of the fluorescein 
content of samples of skeletal muscles from the 
same animals showed no evidence that the dye 
penetrated the intracellular phase. If the 
amounts of dye in muscle were assumed to be 
in equilibrium with the fluorescein in the blood, 
the volume of muscle water in which the dye was 
dissolved equalled 8.4 to 11.4 per cent of the 
total weight of muscle. Sufficient amounts of 
fluorescein were found in the bile and in the 
lumen of the gut to approximate the amount 
which had disappeared from the extracellular 
phase. 

When heparinized whole blood was equilib- 
rated for 2 hours in vitro at 38° C. with known 
amounts of fluorescein, approximately 83 per 
cent of the amount of added dye could be re- 
covered from the separated plasma. Since os- 
motic manipulation of red cell volume without 
change in the surface area did not change the 
amount of dye recovered from the fluid phase, 
the loss of dye was tentatively attributed to sur- 
face adsorption rather than cell penetration. 
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The application of the fluorescein test to the 
study of frostbite has been described recently by 
Lange and Boyd (1). In the course of studies 
of experimental frostbite carried on in this lab- 
orator}', certain of the results obtained with the 
fluorescein test have been difficult to explain on 
the basis of interpretations suggested by the 
proposers of the method. Two groups of ex- 
periments were undertaken in order to stud}^ 
certain aspects of fluorescein exchange not al- 
ready reported in the literature. The first group 
of experiments consisted of studies on normal 
rabbits of skin fluorescence and fluorescein dis- 
tribution in body fluids : these have been presented 
previously (2). The present paper reports the 
second group of studies carried out on normal 
rabbits and on rabbits subjected to severe cold 
injury. 

METHOD 

The techniques employed in the fluorescein test, the 
measurement of skin fluorescence after the injection of 
fluorescein, and the analysis of body fluids for fluorescein 
were described previously (2). Skin fluorescence under 
ultraviolet light was photographed with a Kodak Recomar 
having a Kodak anastigmat lens, f. 4.5 of 105 mm. focal 
length. Black and white photographs were taken at f.8 
on Ansco Superpan Press film with exposure times of 15 
seconds through a Wratten No. 15 filter or 90 seconds 
through a Wratten No. 62 filter. The animals used in 
all of the experiments were adult New Zealand white 
rabbits from a uniform strain. 

RESULTS 

1. Fluorescence in normal skin 

When the intravenous injection of fluorescein 
was made while the animals were exposed to 
ultraviolet light, bright greenish-yellow fluores- 

1 The work described in this paper was done under a 
contract, recommended by the Committee on Medical 
Research, between the Office of Scientific Research and 
Development and Stanford University. 


cence was detectable in hair-free areas of the 
skin within a few seconds after the beginning 
of injection. The intensity of color became max- 
imal in about 15 minutes. The decline of in- 
tensity was, at first, rapid and then progressively 
more gradual over a period of 2 to 2 j /2 hours. 
In the rabbit ear, the regions which glowed most 
intensely were those relatively free of large blood 
vessels. The larger blood vessels stood out as 
dark streaks which could be obliterated by pres- 
cure with a glass slide. The areas rendered 
ischemic by pressure showed no decrease of 
fluorescence. 

2. Fnorcsccncc in jrosibiiten cars oj rabbits 

The influence of injury by frostbite upon the 
distribution of fluorescein after intravenous in- 
jection was studied on rabbits’ ears. Frostbite 
was produced by immersing the distal 3 to 4 
cm. of the ears in a freezing mixture consisting 
of alcohol, ethylene glycol, and water with suffi- 
cient solid carbon dioxide added to bring the 
temperature between — 52° C. and — 70° C. 
The details of the method of producing standard 
cold injury and the general course of changes 
following such injuries have been described in 
previous reports (3, 4). 

Abnormalities in the distribution of fluores- 
cein in the frostbitten portion of rabbits’ ears 
included decreased rate of entrance of dye, 
slow'er rate of removal, and lo\ver maximum in- 
tensity of fluorescence than was observed in the 
normal ear. Observations made at varying in- 
tervals after injury showed that the local changes, 
which were responsible for the abnormalities of 
fluorescein distribution, undergo modification 
with time. The photographs in Figure 1 illus- 
trate the delayed penetration and exit of the dye 
as well as the differences in results of identical 
tests made immediately after inquiry and repeated 
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some IS hours later. Figure lA shows a photo- 
graph of the normal ear of a rabbit taken under 
ultraviolet light before the injection of fluorescein 
and before the ear was frostbitten. The small 


bright spot near the tip of the ear is the fluores- 
cence from a drop of lubricating oil which was 
smeared on the skin from the electric clipper. Fig- 
ure IE was taken 15 minutes after the ear was re- 



Fig. 1. Distriijction of Fi.uorf.scf.in IX .\ Frostbittf.n R.\bbit E.\r .\t V.\rving Times aftf.r Injury 

Axn AFTF.R F1.UORF.SCEIN IxTF.CTinX 

Normal car under ultraviolet liitlit before frostbite, and before injection of fluorescein, 
li. 15 minutes after fro.stbitc (1-minutc immersion at — 70' C.) and 10 minutes after injection of 75 msm. 

per kpm. sodium fluorescein into the marcinal car vein of tbc opposite car. 

C. 50 minutes after frostbite and 25 minutes after fluorescein. 

17. IS hours 50 minutes after frostbite. Fluorc.sccin completely removed. 

I'- IS hours 50 minutes after frostbite and 10 minutes after a second intravenous injection of fluon -ccin, 

F. 19 hours 5 minutes after frostbite and 25 minutes after tb.c second fluorescein injection. 

Photographs taken with ultraviolet light from an HGCH4 lamji. I.amp filters consi.ittl of a heat re- 
sisting red-purple and a k \ hlue-tniriile glass filter, l-cns filter was Wratten No 15. Kxp'>-tire 15 o.c- 
oiids at f.S on .Ansco Superi'an Press film. 
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TIME IN HOURS 

Fig. 2. Intk.nsitv of Fluoukscence of Raiiiiit.s' Ears .\t Different Ti.mi; Periods 

.\FTER FrOSTIUTE 

Ears c.Nposed at — 55° C. for 90 seconds. Fluorescein injected at zero time. 

X Normal ears (6 animals) 

Immediately after frostbite (5 animals) 

C 1 hour after frostbite (4 animals) 

1 day after frostbite (3 animals) 

J 2 days after frostbite (3 animals) 

3 days after frostbite (2 animals) 

moved from the freezing mixture. The exposure noted that the intensity of fluorescence had dim- 

to cold was 1 minute at — 70° C.- Fluorescein was inished to a considerable degree in the normal 

injected intravenously in the opposite ear 10 min- part of the ear, while that in the injured area had 

utes before the photograph was taken. The depth reached a brightness almost equal to that observed 

of immersion in the freezing mixture is clearly indi- at 10 minutes in the uninjured areas, and that the 

cated by the virtual absence of fluorescence in the fluorescence almost obscures vascular detail. Fig- 

distal 3 cm. of the ear. The larger vessels of the ure ID, photographed 18^ hours after the first 

distal part of the ear are faintly fluorescent at this injection of fluorescein, shows the complete re- 
time, with an appreciable spread of dye about the moval of dye from all parts of the ear at that time, 

central artery for a distance of about 8 mm. into Figure IE illustrates the appearance of the ear 

the injured area. Some lack of sharpness in the at 18 hours and 50 minutes after frostbite and 10 

junction between the brightly fluorescent, normal minutes after the second injection of fluorescein, 

part and the injured region suggests that limited In this photograph the vascular detail, which was 

penetration of fluorescein was taking place at that easily made out in the normal part of the ear at 

point. Figure 1C is a photograph of the same 10 minutes after the first injection of dye, is al- 

animal taken 30 minutes after frostbite and 25 most completely obscured by the massive edema 

minutes after the injection of dye. It will be and the distribution of fluorescein in the skin. The 

. The TTsults were the same when the temperature of Penetration of dye into the injured region can be 
the freezing mixture was - 52° to - 56° C. seen only faintly outlining the major vascular 
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channels. Figure IF, photographed 25 minutes 
after the second injection of fluorescein, shows a 
striking reduction in the amount of dye in the 
injured region as compared with the amount which 
accumulated during an identical interval after in- 
jection when the injury was only 30 minutes old. 

3. Time intensity relationships of fluorescence in 
normal and frostbitten ears of rabbits 

Photoelectric measurements were made of the 
change in intensity with time of fluorescence in 6 
normal rabbit ears and in 17 ears at various times 
after frostbite. Figure 2 shows the results of 
these measurements in curves plotted with the 
intensity of fluorescence on the axis of ordinates in 
terms of galvanometer units and time in hours after 
the injection of fluorescein on the axis of abscissas. 
In normal ears, the change in itensity of fluor- 
escence with time was characterized by a very 
rapid rise to a maximum within 15 minutes and a 
somewhat less rapid decline in intensity, with final 
disappearance of glow occurring beriveen 2 and 3 
hours after injection of dye. The rate of increase 
in intensity measured in frostbitten ears when the 
dye was injected immediately' or at 1 hour after 
injury is slower than that observed in normal ears. 
When the injection of fluorescein was made at suc- 
sessively longer intervals after frostbite, further 
slowing of both the entrance and exit of dye oc- 
curred. At intervals of 1 and 2 days after frost- 
bite the maximum intensity reached was only a 
little over a third of that reached in normal ears. 
The tendency for exit of fluorescein from the frost- 
bitten region to be slower than its entrance, a phe- 
nomenon noticeable in the comparison betiveen 
measurements made when the dye was injected im- 
mediately after frostbite with those made at 1 hour, 
was greatly exaggerated in the tests made at in- 
tcrv'als of 1 and 2 days. While no striking differ- 
ences were noticeable between the measurements 
made on the first and second days after injuiy% the 
tests on the third day showed only a feeble fluor- 
escence. The maximum occurred about 2 hours 
after the injection of dj’C and was followed by a 
greatly prolonged course of removal. In some 
cases fluorescence was detected by direct obser- 
vation as long as 24 hours after d\-c injection. 

Since the rates of entrance and rcmo\’al of dye 
were shown to become progressively slower as 


the interval between injury and tlie test tvas in- 
creased,' only the earliest tests were subjected to 
statistical comparison. The significance of differ- 
ence in rates of fluorescein exchange between that 
in normal ears and that in ears tested immediately 
after frostbite was calculated (5). Table I pre- 
sents measurements of fluorescence at 10 minutes 
after the injection of dye and at 2 hours after in- 
jection in 5 normal ears and in 5 frostbitten ears 
of rabbits receiving fluorescein immediately after 
frostbite. Comparison of the intensity of fluor- 
escence in both series at 10 minutes after injection 
shows that the brilliance is significantly greater in 
normal ears. Analysis at this time interval "was 
considered to be free of differences which might 
be attributed to gross deficiencies of blood flow 
in the frostbitten ears because skin temperature 
measurements taken at this time showed that the 
temperature was rising very rapidly. The pink 
color of the skin and the large size of major blood 

TABLE I 

Measurements of intensity of fluorescence in normal and 
frostbitten ears of rabbits at intervals after injection 
of fluorescein 

Data from 5 animals 



Normal ears 

Frostbitten ears SO-second 
exposure at —55° C. 


1 1 

2 

3 

* 

5 

0 ! 

1 

1 

7 

1 

8 

Column 



1 







Fluorescence in 


Fluorescence in ! 



1 galvanometer units 

Time 

galvanometer units 

Time 





to 




to 



1 


maxi- 




maxi- 


10 

Maxi- 

Deer, 

mum 

• 10 

Maxi- 

Dccr. 

mum 


min. 

mum 

2 brs * 


min. 

mum : 

2 hrs.* 



i 



mtn, 1 




min. 


8.5 

10.4 

9.5 

15 1 

0.6 

7.5 

2.7 

70 


7.5 

9.0 

9.0 

19 

1.5 

5.5 

2.0 

58 


4.5 

4.5 

4.5 

10 

1.5 

4.2 

0.8 

54' 


7.1 

7.1 

7.0 

9 

0.3 

3.5 

2.5 

60 


4.0 

4.8 

3.7 

20 

0.2 

2.0 

1.5 

8-4 

A' = C 

i.78 


6.74 ■ 


0.82 


1.90 


= 0,752 


1.163 


0.285 


0.344 



X = Mean. 

SEx = Standard error of mean. 

‘ Difference in galvanometer units between maximum 
readings and readings taken two hours after injection of 
fluorescein. Comparison of mean values at the base of 
columns 1 and 5 indicates difference in rate of entrance of 
dye in normal and frostbitten cars. Standard error of the 
difference between means of columns 1 and 5 is 1.213 and 
P< 0.01 Comparisonofcolumnsaand/indicatcsdiflcr- 
ence in rate of c.xit of the dye Standard error of the diucr- 
ence between the two mc.ans is 0.S04 and P < O.Ml. 
P expresses the probability that such differences would be 
encountered by errors of random sampling. 
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vessels also furnished evidence of rapid blood 
flow. 

The fluorescence at 10 minutes, at the maxi- 
mum, and the decrease in 2 hours following the 
injection of dye (see Table I) was greater in 
normal ears than in those injured by cold. Sta- 
tistical comparison of the mean values for col- 
umns 1 and 5 showed a significant dififcrencc. 
Therefore, since the most rapid rate of entr}' of 
dye into frostbitten ears is significantly slower 
than the rate of entry into normal ears, the still 
slower rates of entr}^ encountered at longer in- 
tervals after injur}^ must also be lower than the 
rate in normal ears. The slowing of removal of 
dye from frostbitten ears as compared with the 
rates of removal from normal ears was found to 
be significant by means of a similar assessment 
of the difference between the means of values 
given in columns 3 and 7. The data in columns 
3 and 7 were obtained by subtracting from the 
galvanometer deflection measured at the peak of 
fluorescence, the galvanometer deflection meas- 
ured 2 hours after the maximum was reached. 
The difference between these amounts of change 
over a period of 2 hours in the two groups is con- 
sistent with the marked difference in the general 
slopes of the curves of declining intensity of fluor- 
escence. Progressive flattening of the curves is 
noted with increase in the interval between injury 
by cold and the injection of dye. Hence, the 
validity of the difference established between 
measurements on normal ears and on frostbitten 
ears tested immediately after frostbite may be pre- 
sumed to extend to, the greater differences ob- 
served at longer time intervals. 

4. The concentration of fluorescein in edema fluid 
and in blood 

In order to determine whether the delayed re- 
moval of fluorescein from frostbitten regions was 
a phenomenon restricted to layers of the skin near 
the surface or one involving the deeper layers also, 
analyses of blood and of edema fluid from frost- 
bitten feet were made in three animals. One hind 
foot of each of three rabbits was frostbitten by im- 
mersion for 3 minutes in the freezing mixture at 
— 55° C. (3). Intravenous injection of fluores- 
cein, 75 mgm. per kgm. body weight, was given at 
10 minutes after frostbite. At intervals from 120 


TARI.E U 

Comparison of fluorescein coneenlralion 
in blood and edema fluid 

75 mgm. per kgm. fluorescein given intravenously 10 
minutes after exposure of one foot at —55° C. forvl minutes 


Animnl 

ntmibcr 

Time .iftcr 
fltiorcscciii 

Blood 

niiorcsccin 

concen- 

tration 

Pl.isma 

fluorescein* 

concen- 

tration 

Edema fluid 
fluorescein 
concen- 
tration 



m/cm. per 
100 m/. 

per 
too ml. 

mzTTi, per 

too ml. 

78 

120 

1.78 

2.92 

5.10 

74 

140 

3.20 

5.25 

10.78 

SI 

175 

0.20 

0.33 

8.25 


* Plasma fluorescein concentration calculated from whole 
blood fluorescein concentration assuming a hematocrit of 39 
per cent (mean of 9 animals) and no penetration of fluores- 
cein into red blood cells. 

to 175 minutes after the injection of dye, samples 
of blood and of edema fluid were taken for fluor- 
escein analysis. Data from these experiments 
are presented in Table II. The low concentra- 
tions of dye found in the blood of these animals 
is similar to that observed in normal animals at 
comparable times after fluorescein administration 
(2). Edema fluid, withdrawn from the frost- 
bitten feet at the same time as the blood samples 
were obtained, contained dye at several times the 
concentration found in tlie blood. On the basis 
of an estimated hematocrit value of 39 per cent 
in rabbit No. 78, where the smallest difference is 
shown, the calculated plasma concentration of dye 
was 2.92 mgm. per 100 ml., only a little more than 
half of that in the edema fluid from the foot of the 
same animal. 

5. The influence of increased blood flozv upon 
fluorescein exchanges in frostbitten rabbit 
ears 

Measurements of skin temperature in frostbitten 
ears and feet of rabbits have shown that the blood 
vessels of the injured regions do not participate 
in thermovascular reflex changes in diameter (4). 
However, the vessels of parts of ears proximal 
to the injured region show both tonic constriction 
and the ability to dilate in response to local appli- 
cation of heat or following procaine block of the 
stellate ganglions (6). The flow of blood into the 
injured area of frostbitten ears is, in part, de- 
termined by the degree of dilatation of the major 
arteries proximal to the line of frostbite. Direct 
observation of blood flow in frostbitten ears 
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treated by rapid thawing in warm water or by 
procaine block of the stellate ganglion showed 
that the irreversible stage of stasis was delayed 
when blood flow was increased, whether the in- 
crease was brought about by heat or by sympa- 
thetic paralysis (6). If stasis was allowed to 
progress without treatment for 20 to 50 minutes, 
the subsequent increase of blood flow was ineffec- 
tive in restoring movement of blood in true capil- 
laries as determined by direct observation. 

The influence of increased blood flow upon the 
distribution of fluorescein in the frostbitten ears 
of rabbits was tested in the following manner. 
Both ears of each of three rabbits were frost- 
bitten by immersion for 1 minute in the freezing 
'mixture at — 55° C. At intervals varying from 
54 to 125 minutes after frostbite, 1 to 2 ml. of 2 
per cent procaine hydrochloride solution were in- 
jected into the region of the stellate ganglion on 
one side. Five minutes later fluorescein was in- 



Fic. 3. Intensity of Fluorescence of Rabbits' Ears 
after Frostbite and Procaine Block of Right Stel- 
late G.anglion 

Both ears of each rabbit exposed at — 55° C. for otic 
niinute. Procaine injected 2 hours after frostbite. Fluor- 
escein injected ,5 minutes after procaine (zero time on 
figure). Upper curves in each figure — right frostbitten 
ear, ganglion blocked. Lower cun’cs in eacli figure — 
left frostbitten car. Each figure represents one animal. 


jected by vein in the usual dose of 75 ingm. per 
kgm. body weight. Over the ensuing 2 to 6 
hours, the intensity of fluorescence was measured 
in both ears. The curves presented in Figure 3 
show that in ait three animals the fluorescence of 
the ear on the side subjected to sympathetic block 
reached a higher maximum intensity' than that 
measured on the injured, untreated ear. While 
the rate of increase in fluorescence was higher on 
the blocked side, the rate of removal was about the 
same for both. 

The increase in fluorescence, observed in frost- 
bitten ears under the circumstances described 
above, was measured at a time after injur)' when 
stasis in true capillaries was completely developed. 
Paralysis of the sympathetic nerve supply to the 
ear, at comparable times after injury in other ex- 
periments, had been found to be incapable of re- 
storing blood flow in these vessels (6), even 
though the rise in skin temperature indicated an 
increased total blood flow. Since the exposure 
to cold of both ears in each animal was the same, 
the difference in intensity of fluorescence follow- 
ing procaine block of the stellate ganglion should 
be attributed to alteration of the minute volume 
or local pattern of blood flow rather than to 
differences in capillary permeability. 

DISCUSSION 

Observations of skin color, skin temperature, 
arterial pulsation, and movement of blood watched 
under the microscope, at least in some vascular 
channels, in the frostbitten ears of rabbits show 
that total blood flow is for a time greater than 
that in normal ears and does not become com- 
pletely arrested until more than 50 hours after 
injur)' (4, 6). During the intervals characterized 
by rapid blood flow, tests with fluorescein show 
both delayed entrance and delayed exit of dye 
from the skin of the injured region. Lange’s re- 
cently reported observations in which similar 
fluorescein tests were used upon accidental and 
experimental cold injury also point out the para- 
dox of impaired dye exchange in the presence of 
good blood flow (1). He obser\'ed diminished 
fluorescence in regions injured by mild cold and 
was able to show that capillaiy blood obtained 
from poorly staining regions contained as much 
fluorescein as that from nonnal. brig'ntly fluores- 
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cent skin. Two possible explanations were of- 
fered to account for the differences observed: 
namel}^ that capillar}' permeability bad decreased 
as the result of cold injury and that local vaso- 
constriction resulted in reduction of filtration pres- 
sure. The second of these explanations was con- 
sidered to be a local change probably not involving 
more than axon reflexes, since the difference could 
not be abolished by local anesthesia or by sympa- 
thetic block. Severe cold, sufficient to freeze the 
tissues, resulted in delayed entrance of fluorescein 
and apparent hyperfluorescence when observations 
were made at successively longer intervals after 
dye injection. 

The present studies on gangrene resulting from 
cold injury include several observations which are 
difficult to reconcile with Lange’s assumption 
that reduced capillary permeability was the factor 
responsible for the abnormal distribution of fluor- 
escein in tissues injured by cold. The rapid 
swelling of frostbitten parts, which begins virtually 
with the return of blood flow after thawing, and 
the high protein concentration of the edema fluid 
are changes not consistent with decreased capil- 
lary permeability. The delayed penetration of 
fluorescein into frostbitten regions also seems 
difficult to explain upon the basis of Lange’s sec- 
ond suggestion, decreased filtration pressure, since 
this would have to coincide with the app'earance 
of massive edema and the rise of subcutaneous 
tissue pressure to levels as high as 25 cm. of 
water (7). 

An attempt to explain the abnormal distribution 
of dye upon the basis of simple changes in capil- 
lary permeability would require the additional as- 
sumption that the permeability changes be selective 
with respect to the plasma constituents as well as 
to the direction of their free passage. If de- 
creased capillary permeability were responsible for 
the delayed entrance of dye into the skin of the 
frostbitten region, the capillaries would have to 
be capable of passing large quantities of plasma 
protein into the interstitial fluid during the time 
that the loss of fluorescein from the blood in the 
same region was being restrained. Data presented 
in a previous report (7) furnish ample evidence 
of protein loss from the blood into the frostbitten 
ears and feet of rabbits. 

Comparison between the fluorescence of frost- 
bitten regions and the adjacent, uninjured areas 


at about 1 hour after the injection of dye show.s 
that the glow from the injured region is much 
brighter tlian that from the normal area. This is 
an example of the “hyperfluorescence” of skin 
subjected to severe cold injury, described by 
Lange and Boyd (1). However, serial measure- 
ments made from the time of injection of dye 
furnish evidence on two important points: (a) 
the maximum brightness of the two areas does 
not coincide in time; and (b) the intensity of 
fluorescence at maximum for injured areas is 
lower than the maximum intensity reached in 
normal skin. Thus, what, on first inspection, 
might seem to be a hypcrfluorcscence of the in- 
jured area is actually less than the maximum in- 
tensity reached at an earlier time in normal skin. 
The appearance of hyperfluorescence is the result 
of removal of dye from adjacent uninjured areas 
at a faster rate than from the frostbitten area. 
This circumstance again poses tiie problem of ap- 
parently selective changes in permeability. If it 
be assumed that the hyperfluorescence is an ex- 
pression of increased capillary permeability (1), 
then it must be a selective form of change in 
permeability, manifesting a decreased restraint of 
dye as it leaves the blood stream in the injured 
region and then failure of fluorescein to move 
into the capillaries when the diffusion gradient 
has become reversed by the decline of concentra- 
tion of dye in the blood. Some form of permeabil- 
ity change, which is peculiarly selective with re- 
spect to particle size and which operates only in 
one direction, must be postulated to account for 
the facts. Such a postulate departs widely from 
the accumulated experience of investigators who 
have studied the nature of exchanges across capil- 
lary membranes (8, 9, 10). 

Both theoretical considerations (10) and meas- 
urements on normal animals (2) indicate that 
fluorescein should become distributed in a manner 
similar to that observed for other relatively small 
molecules, i.e., largely by diffusion. The major 
factors involved in such transfers of dissolved 
material include the diffusion gradient, the perme- 
ability of capillaries, the blood flow rate, and the 
surface area available for diffusion. The evidence 
presented above shows that the dye is slow in 
entering and still slower in leaving areas injured 
by severe cold. At the same time, other evidence 
indicates that the diffusion gradients, the minute 
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volume blood flow, and the degree of capillary 
permeability g.re all such that faster rather than 
slower transfer of dye would be expected. As to 
possible alteration of the surface area available 
for diffusion, direct observation of blood flow in 
frostbitten, transilluminated ears of rabbits has 
shown that stasis begins early in the true capil- 
laries and is complete within 10 minutes of the 
return of blood flow after thawing. Flow persists 
in arteriovenous anastomoses and arteriolarvenu- 
lar capillaries. Since protein loss into the edema 
fluid is high in the early period and lower at 
later stages, it is not difficult to conceive of the 
early loss as occurring via abnormal leakage from 
these capillaries, which later are prevented from 
participating as exchange surfaces by having been 
blocked by silting red blood cells. Thus, blood 
flow persists at large minute volume and relatively 
high pressure in the channels remaining patent. 
This circumstance serves to explain both the 
rapid production of edema fluid by filtration and 
the interference with fluorescein distribution ; 
there is a sharp reduction in the area available for 
diffusion. The dye, which is filtered out from 
the arteriorlar-venular capillaries, finds its way 
back into the blood stream, not by the usual re- 
versal of gradient as the concentration of d}'e in 
the blood declines, but by slower removal via 
lymphatics and by movement of dye into adjacent 
uninjured regions where stasis has not occurred. 

The above interpretation of phenomena ob- 
sen'ed in the aplication of fluorescein tests to the 
study of frostbite is consistent with other mani- 
festations of altered blood flow and fluid exchange 
occurring after severe cold injur}'. Information 
about the degree of involvement of capillaries by 
stasis and its resolution may provide helpful 
guides in treatment and prognosis. Thus, in 
addition to the use of fluorescence as a clear-cut 
indicator of the presence or absence of blood flow, 
• the estimation of rate of dye exchange in injured 
tissues may be of clinical value. 

SUMM.^RY 

Analyses were made of the distribution of intra- 
venously injected fluorescein in normal ears of 
rabbits and in ears severely injured by cold. The 
results showed that both the dye’s entrance into 
and its exit from the injured regions were slower 
than the exchanges observed in uninjured tissues. 


The maximum intensity of fluorescence reached 
in frostbitten skin was lower than the maximum 
recorded in normal skin. Repeated tests on the 
same animal showed that the exchanges of dye 
became progressively slower with time after in- 
jury. 

When both ears of rabbits were frostbitten and 
procaine block of the stellate ganglion u'as pro- 
duced on one side, the tests with fluorescein 
showed earlier and higher maximum intensity of 
fluorescence in the frostbitten ear on the side 
blocked. This maneuver had been shown in other 
experiments to be followed by delay in the onset 
of stasis. The greater intensity of fluorescence 
on the side having increased blood flow as the 
result of blockage of the stellate ganglion was 
attributed to the longer persistence of blood flow- 
through true capillaries and, hence, greater oppor- 
tunity for exchange of dye between the blood and 
interstitial fluid. 

Edema fluid was taken from frostbitten feet of 
rabbits at a sufficiently long interval after the 
intravenous injection of fluorescein to permit the 
concentration of dye in the blood to fall to very 
low levels. Analysis of the edema fluid show'ed 
that the fluorescein concentration was at least 
tw'ice as great as that in the blood. 

The mechanisms of impaired dye exchange in 
frostbitten tissues are discussed, and a hypothesis 
is presented in which the impairment of dye ex- 
change is attributed to reduction of available sur- 
face for diffusion by the development of stasis in 
the true capillaries following cold injury-. 
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The stimulus of the pain which arises from ex- 
ercising ischemic muscle has been ascribed to a 
“factor P” (1). It has been suggested that this 
factor may be lactic acid, a compound of phos- 
phorus, or creatine, or ammonia (2) ; phosphoric 
acid (3) ; potassium (4) ; lactate ion (5) ; or 
histamine (6). On the other hand, conclusions 
have been reached that potassium, sarcolactate, 
and ammonium ions are probably not responsible 
( 6 ). - 
No investigations of the relation of creatine to 
the pain of muscle ischemia have been reported 
although such a relationship has been suggested 
(2) , In the present study, the pain in exercising 
ischemic muscle was studied before and during 
creatine administration in order to observe the 
effect of creatine upon the pain process. 

METHODS 

Healthy male medical students were used as subjects 
with 6 in the control group and 8 in the experimental 
group. Each subject ate the usual diet of his choice and 
collected his total 24-hour output of urine. At 3 :00 P.M. 
each day the subject brought the urine to the laboratory 
and submitted to a standard procedure (7) for the deter- 
mination of the duration of exercise before the appearance 
of "definite” pain in the exercising ischemic muscle. The 
endpoint chosen was the first appearance of a definite 
sensation of pain in the forearm or hand after exercise 
had been executed at the rate of one contraction per sec- 
ond. The time, in seconds, was recorded by a stop watch 
concealed from the subject. The right arm alone was 
used in all experiments. Instead of simple flexion of the 
fingers to form a fist, the subject squeezed a gripping 
device against a spring tension of 1.1 kgm. 

The urinary creatine and creatinine were determined in 
duplicate by the method of Peters (8), using the Evelyn 
photoelectric colorimeter for the color comparisons. 
Urine studies were made during both the preliminary 
control and the experimental periods. 

Following a period of several days during which the 
subject became familiar with the procedure, single obser- 
vations Were made daily for a control period of 2 days 
before creatine administration was begun. 

Creatine, CP., was dissolved in water, chilled, flavored 
With citric acid and saccharin, and administered in daily 


doses of 10 grams for a period of 4 days. Creatine was 
given only after 2 days of preliminary studies. The con- 
trol subjects were given flavored water, from a flask 
labelled "creatine,” and were led to think that they were 
being given creatine. No one was informed of the group- 
ing of subjects or of the exact nature of the experiments. 

RESULTS 

The exercise duration, in seconds, until the .ap- 
pearance of a definite sensation of pain in the 
exercising ischemic muscles was recorded during 
the 2-day preliminary period. For each subject 
the mean of these two values is plotted in Figures 
1 and 2 on the zero line of the control period. 
Each of the two values is then plotted in terms 
of per cent variation from the mean value. Dur- 
ing the experimental periods, the time of appear- 
ance of pain is plotted as per cent variation from 
the mean value of the preliminarj' control period. 

Control subjects. In each of the 6 subjects, 
the time of appearance of definite pain in the 
preliminary control period did not vary more 
than 5.5 per cent from the mean of the two values 
(Figure 1). 

On the first day after receiving the flavored 
water, to be designated hereafter as “placebo,” 
only 2 subjects (C. H.; R. M.) observed definite 
pain within the time range of the preliminary 
control period. One of these, R. M., again ob- 
served pain within the control range on the second 
day. The only definite trend toward unifonnity 
of response was the relatively delayed pain ap- 
pearance in five of the subjects on the fourth day 
of the experimental period, as shown in Figure 1 . 

Creatinuria was not observed in any of the con- 
trol subjects at any time. 

Subjects receiving creatine. On the first day of 
the experimental period, 5 of the 8 subjects ob- 
served definite pain either within the limits of the 
preliminaiy control period or earlier. By the 
fourth day, wh.en creatine retention was at a 
maximum, 6 subjects observed pain later tlian it 
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--•i Fig. 1. Per Cent Variation in Time oe Appearance or Deeinite Pain in Exercising 
-~I sciiEMic Muscle During Preliminary Control Period and During Experimental Period 
when Placebos were Given 
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Fig. 2. Per Cent Variation in Time of Appearance of Definite Pain in Exercising 
Ischemic Muscle During Preliminary Control Period and During Experimental Period 
WHEN Creatine was Given 













EFFECT OF creatine ON FAIN OF MlJSCLE ISCHEMIA 


ut' 

^ DAY ( 

,g DAY 2 Eza 



Fig. 3. Creatine Retention, in Grams, During Ex- 
perimental Period when Creatine Was Adminis- 
tered 

* Urine specimen lost. 

had appeared during the control period, as shown 
in Figure 2. 

Creatine retention. The subjects were oh their 
usual diets, which were not creatine-free; so an 
arbitrary method of calculation was adopted. The 
creatine retained was considered to be the differ- 
ence.between that which had been fed and that ex- 
creted through each successive day of the experi- 
mental period. This value is recorded as the re- 
tained creatine and is plotted in Figure 3. The 
maximum retention was 22.60 grams of creatine 
in subject M. P., and the lowest was 13.79 grams 
in subject F. C. 

DISCUSSION 

It has been reported (9, 10) that the creatine 
concentration of muscle is increased by the feed- 
ing of creatine. In our subjects, there was a 
definite trend toward delayed appearance of pain 
in exercising ischemic muscle as the quantity of 
retained creatine increased. Perhaps, then the 
pain-producing phenomenon in ischemia is re- 
lated to the creatine content of the muscle. How- 
ever, a similar dela}' in pain appearance occurred 
in the control subjects. Since the two groups 
reacted in a similar manner and since the controls 
"ere not receiving creatine, it appears definite 
that increased creatine storage is not the funda- 
mental cause of the delayed pain response. Train- 
mg, or possibly some psychological factor, may 
e involved but this is mere speculation. 

In comparing the amount of exercise required 
to produce pain in the two arms of 7 subjects, 
vatc. c\ at (11) found that pain appeared earlier 


in the left arm. The difference in the two arms 
was ascribed to .training, as the right hand had 
been used much more frequently in the clenching 
exercise. We have used the right arm alone in 
all experiments and have made a single determina- 
tion daily for not longer than 8 days. It would 
seem that training, under these conditions, would 
play not more than a minor role. In addition, 
several subjects showed marked shortening of the 
period of exercise on the first, second, or third 
days of the experimental period. If training is 
the major factor in producing the general tendency 
toward the longer toleration of exercise, it cer- 
tainly does not influence the results in a graded 
uniform fashion. 

SUMMARY 

There was a definite trend toward delayed ap- 
pearance of pain, in a majority of 8 subjects, as 
the quantity of retained creatine increased. How- 
ever, the same tendency was obser\’ed in the con- 
trol group which was receiving a placebo only. 
It is concluded that increased concentration of 
muscle creatine is not the primarj' cause of the 
delayed appearance of pain. Training may be in- 
volved in the delay but some unexplained factor, 
or factors, seems more likely. 
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Rhinoscleroma was discovered in 1870 by von 
Hebra (1) who considered it an unusual form of 
skin cancer. Geber (2) later characterized the 
lesion as a chronic inflammatoiy process accom- 
panied by perivascular cellular infiltration and con- 
nective tissue proliferation. Mikulicz (3) clearly 
described the histological picture including the 
diagnostic “foam” or “lace” cells which have been 
named after him. 

Since the disease is not confined to the nose as 
von Hebra originally assumed in using the prefix 
“rhino,” the more inclusive term scleroma was 
officially adopted at the Second International 
Congress of Otorhino-laryngology (4) held in 
Madrid in 1932. 

PATHOLOGY 

Scleroma is a disease which clinically is well 
defined. It is a granulomatous lesion primarily 
localized in the upper respiratory tract. Second- 
arily it may appear about the pyriform aperture 
of the vestibule of the nose. In the respiratory 
tract, scleroma is most often localized in the an- 
terior portion of the nose, in the vestibule or the 
posterior nares. In the larynx, the lesions are 
found usually in the subglottal space. 

The pharynx and throat are the seat of lesions 
in a third of the cases. These are found in the 
mesopharynx, the posterior surface of the soft 
palate, the uvula, the pillars, and the lateral por- 
tion of the posterior wall. The trachea is occa- 
sionally involved. 

The gross lesion most frequently described is 
the circumscribed nodular tjqje which may appear 
ris a single nodule or in groups. Each nodule 
may appear as a single nodule or in groups. Each 
nodule may v-arj’ in size from 1 to 10 mm. Their 
consistency mries; tlie early infiltrates are soft 
while those of longer standing are harder. 

Histologically, tlie picture is that of a granu- 
loma. The ciliated epithelium is transformed into 
stratified pavement cells. In tlie deeper layers 
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of the cornea, the protoplasm becomes more dis- 
persed and partially disappears; vacoules and 
pyknotic nuclei are seen. Perivascular infiltration 
is found in which the Mikulicz cell stands out. 

Clinically, the nodular type is easily recognized. 
However, one may assume the existence of a pre- 
nodular stage which is less likely to be recognized 
since there have been no accepted specific tests for 
the disease. Szmurlo (5) has actually described 
this form of scleroma as the “diffuse” stage. This 
first “appears as atrophic rhinitis characterized by 
atrophy of the nasal mucosa with abundant secre- 
tion and gray crusts on the surface.” 

The clinical course of the disease is benign, the 
onset is insidious, and the duration may be from 
twenty to thirty years. There is little effect on 
the general health except for the mechanical ob- 
struction of the air passages which may in ex- 
treme cases lead to asphyxia. 

INCIDENCE 

Scleroma rvas once thought to be confined to 
Central and Southeastern Europe, but it is now 
recognized more often and is generally acknowl- 
edged as world-wide in occurrence. In a compre- 
hensive report. Cunning and Guerry’ (6) in 1942 
reported that 102 cases had been described to 
that date in the American and Canadian literature. 
Streit (7) contends that an endemic area exists 
in Central Europe especially Poland. Lasagna 
(8) feels that it is becoming more common in 
Italy, and there is some ewdence that the disease 
is seen frequently in Central and South America. 

ETIOLOGY 

The problems of scleroma are clouded by tiie 
confusion associated with its etiology. In 18-92, 
von Frisch (9) described an organism which he 
asserted to be the cause of the disease. Due to 
inadequate morphological studies inliercnt in the 
embryonic state of the science of bacteriolog}' 
and due to the lack of an experimental lesion in 
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animals resembling the disease in human beings, 
Frisch’s organism was not universally accepted. 
The belief expressed by the American, Perkins 
(10), that the scleroma bacillus was not related 
to the disease, has been echoed periodically since 
then, and the current opinion maj' be seen in the 
comments of two outstanding bacteriological texts. 
Gay (11) states, '7v. rhinoseJeronwds bears some 
as yet obscure relationship with the disease rhino- 
scleroma. It appears, however, commonly to be a 
secondary invader in the lesions characteristic of 
the disease.” Wilson and Miles (12) slate, 
"There is verj’^ little evidence to show that this 
organism is primarily responsible for it. There 
is no means by which it can be distingui.shcd with 
certainty from other members of the capsulatcd 
group; and since we know that members of this 
group majf be present in the nose of healthy per- 
sons, it is difficult to prove that they play any 
part in production of rhinoscleroma. The proba- 
bility is that they are mere sccondarj^ invaders, 
which grow freely in the nose of patients suffer- 
ing from the disease.” 

Much of the etiological difficulty encountered is 
due to the alleged presence of the scleroma bacil- 
lus or related organisms in normal throats. To 
test this hypothesis, we must establish a criterion 
for the characteristics of the scleroma bacillus, 
then we must study its occurrence in the normal 
throat. The very early literature must be dis- 
carded since the required facts about the related 
Friedlander bacillus and the coli-aerobacter group 
were not available to these first investigators. 
There is, however, a remarkable uniformity which 
has been overlooked in the description of the 
rhinoscleroma bacillus by a number of reliable in- 
vestigators in recent years. Figi and Thompson 
(13) in 1928, described 3 strains isolated from 
patients at the Mayo Clinic. Morris and Juli- 
anelle (14), apparently unaware of Thompson’s 
report, studied 9 strains from cases in Sumatra 
and this country. Both of these workers found 
their strains to ferment glucose, maltose, and man- 
nite with the production of acid only. Sucrose 
was fermented slowly by some strains, lactose 
never. Indole was not formed, nitrate was re- 
duced. Other reactions are noted but are not 
essential to the differential identification of the 
organism. Gonsiorowski and Meisel (15), two 
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Polish workers with a large number of freshly iso- 
lated strains at their disposal, reported the fer- 
mentation of glucose (acid only) but not of lac- 
tose, tbe only sugars tested. 

We have isolated seven strains from cases to be 
described later in this paper and have obtained one 
culture from the American Type Culture Collec- 
tion. The results of cultured studies on these 
organisms are given in Table I. 

From the above it is evident that there is a 
remarkable uniformitj' in the reactions of our or- 
ganisms identical with those obtained by tbe work- 
ers mentioned above. We feel that the charac- 
teristics described in Table I, including the 
variable, slow fermentation of sucrose should be 
considered specific for these organisms. If we 
include the colon}’’ characteristics (large trans- 
lucent, mucoid, coalescing colonies on blood agar, 
nutrient agar, and E. M. B. medium), we have a 
sufficient differential description to identify this 
organism. 

No other related gram negative rod foutid on 
the human being has been reported which gives 
the same pattern of reactions. This is true even 
of the variable Friedlander group. Julianelle (14), 
who has done most of the work on the classifica- 
tion of this genus, found no strain in any of the 
groups A, B, C or the unclassified Friedlander 
group to give reactions similar to those described 
for the rhinoscleroma bacillus. We have studied 
strains of the Friedlander bacillus obtained from 
the American Type Culture Collection, and find no 
resemblance of any of these to the scleroma or- 
ganism (Table II). 

From the above and from Julianelle’s findings, 
we concluded that it should be possible to separate 
the mucoid Friedlander from the mucoid scleroma 
bacillus. 
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We next tested the assumption that the scleroma 
bacillus is found in normal throats, A total of 204 
normal individuals and 63 with various nose and 
throat ailments were cultured. The procedure used 
was found to the satisfactory in the isolation of the 
rhinoscleroma organisms in the known infected 
cases. Nose and throat swabs were streaked on 
blood agar and E. M. B. in all infected individuals. 
Since the results on the blood agar and E. M. B. 
were similar, we employed only the latter in our 
studies of the normal, and the nose and throat 
cases. 

Gram negative organisms (which morphologi- 
cally are related to the scleroma bacillus) in the 
nose and throat that will grow on E. M. B. in- 
clude members of the coli-aerogenes and Fried- 
lander groups, Proteus, Pseudomonas and Alka- 
ligenes. Most noses and throats did not show a 
sufficient number of any of these to give a positive 

TABLE in 

Cultural characteristics of grant negative bacilli isolated from 
normal individuals or nose and throat cases 


culture. Of a total of 267 individuals tested, only 
34 gave positive cultures; the results of cultural 
studies of these organisms are presented in Table 
III. 

Although we have not as yet speciated the above 
strains, it is obvious that none has the pattern 
we have found to be characteristic of the scleroma 
bacillus. Further work is in progress to name 
these organisms as to species. 

serological studies 

In order further to relate the organism to the disease 
in question, serological studies should be of value. There 
are many references in the literature to such studies. As 
is true of the cultural studies, the early serological re- 
ports are confusing, and for the same reasons mentioned 
previously. However, more recent studies, if correlated, 
certainly are not to be disregarded. Goldzieher and 
Neuber (16), Brault and Masselot (17), and Quast (18) 
have all agreed that serum from patients with scleroma 
or from rabbits immunized with the organism is capable 
of fixing complement. Fitzgerald (19) showed that a 
rabbit immune serum agglutinated specifically the decap- 
sulated organism. Prasek and Prica (20) and Morris 
and Julianelle (14) have both demonstrated the specific 
antigenicity of the organism. 

We have employed the complement fi.xation test in our 
studies. Seven patients suffering from scleroma have 
given positive reactions with antigen consisting of heat- 
killed (65° C. for 30 minutes) organisms grown on 
nutrient agar slants. 

Over 500 sera from normal patients and from individ- 
uals with an assortment of other diseases have been tested 
with only occasional positive reactions. However, we 
find such “false positive reactions’’ to be a function of the 
concentration of antigen and antiserum. We are now in 
the process of standardizing the procedure to obtain maxi- 
mum accuracj-. Details of the test will be published 
elsewhere. 
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CASE STUDIES 

One further controversial question concerning 
scleroma has been its contagiousness. Its endemic 
nature has been suggested previous!}-. Familial 
occurrence would indicate an infectious ctiolog}-. 
Lasagna (S) Robertson and Secretan (21), and 
Gerber (22) have reported duplicate cases occur- 
ring in the same family. We have studied seven 
cases, six of which have occurred in the same 
family. 

Case I. L. M., male, age 20, of Mc.xican dcfccrt. was 
referred to the clinic because of dyspnea and a pro- 

ductive of a tliicl: yellow mucoid rnaicrial. 
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About one year ago he began to notice that bis nostrils 
were “plugged up” and that a sticky yellow discharge was 
chronically present. The significant physical findings re- 
lated to the respiratory tract. A hard granulomatous 
mass filled the narcs, nasopharynx, and the pharynx. In 
some places the mass was covered by dirty, green, mal- 
odorous crusted material which was occasionally expec- 
torated. The voice was hoarse and there was some 
granulation involving the epiglottis and arycpiglottic 
folds. The patient complained that the dyspnea inter- 
fered with normal activity. There were no other sig- 
nificant laboratory or physical findings. 

Biopsy of the lesion demonstrated a typical granuloma 
with plasma and lymphoid cells. Hyalinization was pres- 
ent. Mikulicz cells were numerous and easily demon- 
strated. Staining with the Krajian modification of the 
Gram-Weigert method showed numerous bacilli present, 
extra- and intracellularly. 

The patient has been treated with sulfadiazine, peni- 
cillin, and streptomycin. Only the last was really effec- 
tive against the organism in vitro and caused a decrease 
in the number of rhinoscleroma bacilli in the throat, but 
did not affect the lesions after 10 days of treatment with 
10 grams of the drug. Deep x-ray is being used at the 
present time. 

From the above patient we isolated the scleroma 
bacillus in twenty consecutive throat cultures on 
blood agar and E. M. B. agar. The organism 
grows as a large, mucoid, flowing colony easily 
picked from the usual throat contaminants after 
24 hours of incubation. 

On questioning this first patient, we found that 
his father has similar symptoms, of longer dura- 
tion. His history follows : 

Case 2. L. M., age 37, was essentially well until his 
nose was broken about 10 years ago. After this his nose 
became progressively “stuffy” and a thick yellow dis- 
charge developed. Rhinoscleroma was diagnosed clin- 
ically elsewhere one year after onset and x-ray therapy 
was given. At present, there is adequate airway, but the 
lining of the nose and pharynx is hard, irregular, and 
studded with foul smelling, greenish crusts. 

Biopsy findings were typical and identical with those 
of Case 1, including the presence of the small bacilli in 
stained sections of the tissue. Organisms identical with 
the scleroma bacillus have been isolated repeatedly in 
cultures from the nose and throat. 

After seeing that the father and son both were 
suffering from the same disease, we thought that 
other members of the family might show symp- 
toms of a similar nature. From our discussion 
with father and son, we knew that they were 
suffering from vague symptoms associated with 
the upper respiratory tract. In addition to the 


son (Case 1) the family consisted of four daugh- 
ters, a young son age 9, and the wife of the oldest 
son (Case 1), The mother of the children has 
been separated from the family for the past four 
j’cars and is not available. 

The wife of Case 1 and the youngest son are 
free of symptoms and culturally negative. The 
four girls seem to show various stages of an in- 
fection of the nasopharynx which resembles the 
“diffuse” type of scleroma described by Szmurlo, 
and mentioned previously. Their case histones 
follow : 

Case 3. J. M., age 19 (sister of Case 1), is asympto- 
matic except for frequent “head colds” and a waterj’ nasal 
discharge which has been chronically present for two 
years. There is marked atrophy of the inferior and mid- 
dle turbinates and the nose contains cnists and casts of 
greenish-yellow matter that has the same foul odor noticed 
in others of her family. 

Biopsy sections show inflammation and the presence of 
many monocytes. The mucous glands are hyperplastic. 
The sections stained for bacterial examination were in- 
adequate in this case. Cultures revealed the presence of 
the scleroma bacillus in the throat and nose. 

Case 4. C. M., age 17 (sister of Case 1), is asympto- 
matic except for a chronic cough which she attributes to 
a thick, sticky, nasal and postnasal discharge. She had 
“lobar pneumonia with empyema” three years ago. Re- 
covery followed open drainage. Physical examination of 
the upper respiratory tract showed marked atrophy of 
the inferior and middle turbinates with some thickening 
of the septum superiorly and anteriorly, and tlie presence 
of greenish crusts. 

Biopsy sections show a diffuse infiltration, granulo- 
matous in type, under the epithelium. Occasional cells of 
the macrophage variety are present. There are present 
also large foamy cells not typical of the Mikulicz cell. 
Bacterial stains show bacilli to be present extracellularly. 
Repeated cultures of the nose and throat show the pres- 
ence of the scleroma bacillus. 

Case 5. M. M., age 14 (sister of Case 1), complains 
of increased nasal “stuffiness” of a year and a half dura- 
tion, with no visible discharge. Physical examination 
shows almost complete obstruction due to the involvement 
of the anterior and of the inferior turbinates. The hyper- 
trophied tissue causing obstruction has the appearance of 
granulation tissue and bleeds easily on touching. There 
was some crusting due to greenish-yellow purulent exu- 
date. 

Biopsy sections sho\y tissue consisting of large strands 
of hyaline material, and of compact masses of small round 
cells, mostly the macrophage type. In some areas the 
tissue appears necrotic with the cells staining faintly. 
One area shows mucous vacuoles which resemble fat tis- 
sue; these are surrounded by round cells of macrophage 
type. Some of the cells show foamy cytoplasm and some 
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are binucleate. No typical Mikulicz cells are seen. No 
bacterial stain was done. Repeated cultures of the nose 
and throat showed the presence of the scleroma bacillus. 

Case 6. R. M., age 11 (sister of Case 1), is asympto- 
matic although her sisters complain that she is always 
clearing her throat. Examination showed considerable 
hypertrophy of the tonsils. No atrophy, granulation or 
crusting was present in the nares. 

Biopsy of a slightly injected area of the pharyngeal 
mucosa reveals the presence of stratified and ciliated epi- 
thelium below which there are occasional areas of infiltra- 
tion of macrophages. Small granulomatous lesions are 
found here and there around capillary vessels. Notice- 
able is the presence of large cells with peripheral nuclei 
and foamy Qrtoplasm. The bacterial stains show bacilli 
inside the macrophages. The scleroma bacillus was re- 
peatedly isolated from nose and throat cultures. 

The last four cases, in .our opinion, resemble 
varying stages of rhinoscleroma. In none of these 
cases were the symptoms sufficiently severe to 
result in the patient being referred to a doctor, 
yet physical examination reveals lesions which at 
least in three of the cases are suggestive of the 
disease. In one case, R. M., the youngest sister, 
there are practically no gross pathologic lesions 
and yet the microscopic picture in all the cases 
including the last confirms the existence of the 
disease syndrome, which, together with the isola- 
tion of the scleroma bacillus in each case, gives 
extremely presumptive evidence that here we have 
a family in which six members are afflicted with 
various stages of the disease rhinoscleroma. Sero- 
logical findings in each of these cases gives further 
evidence for this contention, although until the 
complement fixation test, mentioned previously, is 
standardized, emphasis on the serology must be 
avoided. 

One. further case will be presented although it 
is unrelated to the family mentioned above. This 
case also gave a positive culture for the scleroma 
bacillus and a positive complement fixation test. 

Case 7. L. C., age 63, female of Mexican descent. The 
patient was seen first fourteen years ago when she com- 
plained of obstruction to her breathing of four montlis’ 
duration. At tliat time, "granular phaiynx” and hyper- 
trophy of the right mid-turbinate accompanied by post- 
nasal purulent discharge were reported. The patient was 
not seen again until recently at which time in addition to 
the previously mentioned symptoms tlie inferior turbinate 
on the right also was reported to be hj'pertrophic and 
irregular with the appearance of fungating granulation 
tissue. 


Biopsy sections show the presence of shreds of epi- 
thelium, dense fibrous strands, and compact masses of 
round cells. Under high power the cells appear to be 
mostly plasma cells and lymphocytes, but here and there 
are seen numerous macrophages’ vvith foamy cytoplasm. 
An occasional large cell w'ith peripheral nucleus and pink 
cytoplasm is seen. No hyaline globi are visible. Lesions 
seem to be of the granulomatous type- 

CONCLUSION 

Six cases of scleroma in the same family are 
described showing varying stages of the disease. 
The etiologic agent is suggested to be the scleroma 
bacillus first described by Frisch. Its character- 
istics are given. The incidence of this organism 
in the normal population has been studied. Sug- 
gestive serological findings are reported. 
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During the summer of 1942, an outbreak of a 
dengue-like illness of unknown etiology occurred 
at Fort Bragg, North Carolina. The disease, de- 
scribed by Daniels and Grennan (1), was char- 
acterized 'by moderate prostration, fever, spleno- 
megaly, a rash localizing particularly on the an- 
terior aspects of the legs, and a short course. The 
localization of the rash gave rise to the name 
“pretibial fever.” Epidemiological information 
indicated that alt of the patients in this outbreak 
were quartered in the same area of the post and 
that the incubation period was 10 days or longer. 
Serological tests served to exclude endemic typhus, 
infectious mononucleosis, brucellosis, and the ty- 
phoid-paratyphoid group of diseases. A commis- 
sion was assigned by the Surgeon General of the 
United States Army to investigate the epidemi- 
ology and etiolog)' of the disease. Working with 
frozen material in the form of blood, nasal wash- 
ings, and urine from the patients, the members 
of the commission concluded: “All tests on this 
material proved negative as far as isolating or 

^ Captain, MC, AUS. Part of this work was done by 
the author while sen-ing as a member of the Commission 
on Acute Respiratory Diseases and part while Qu'ef of the 
Communicable Disease Section, Walter Reed General 
Hospital, Army lilcdical Center, Washington, D. C. 

- Work done at Fort Bragg, North Carolina, was sup- 
ported in part througii the Commission on Acute Respira- 
tory Diseases, Army Epidemiological Board, Preventive 
Medicine Ser\'ice, Office of the Surgeon General, United 
States Army, and by grants from the Commonwealth 
Fund, the W. K. Kellogg Foundation, tlie John and 
Foundation, and tlic International Health 
Division of the Rockefeller Foundation to the Army Epid- 
emiological Board for the Commission on Acute Kespira- 
torj* Diseases. 

The studies in Cincinnati were supported by the Com- 
mission on Ncurotropic Vinis Diseases, Army Epidemio- 
logical Board, Prcventi\-c Medicine Service, Office of the 
Surgeon General, U. S. Army. 


determining the nature of the infectious agent re- 
sponsible for this disease was concerned” (2). 

Similar outbreaks appeared during the sum- 
mers of 1943 and 1944. The present report de- 
scribes the recovery of an infectious agent from 
a patient having Fort Bragg fever in 1944 and 
summarizes observations on the biological char- 
acteristics of this agent. In addition, it presents 
the results of neutralization tests which indicate 
that the agent is related to the human infection; 
and finally, it describes the reproduction of the 
clinical disease picture in human subjects inocu- 
lated with the agent. 

PART I 

RECOVERY OF A VIRUS AXD ITS CHARACTERISTICS 

Recovery of the agent front a patient 

On August 16, 1944, a 22-year-old white soldier noted 
a sudden onset of headache, feverishness, and generalized 
aching. In spite of these sjmptoms, he continued on 
duty until August 19 when his symptoms increased fol- 
lowing a stimulating injection of tetanus toxoid, and he 
was hospitalized. Physical examination showed an acutely 
ill patient with a fever of 102° F., whose only other ab- 
normal physical finding was a questionably palpable 
spleen. The leukocj'te count was 5,730 per cubic mm. 
An indistinct maculopapular eruption was noted over the 
pretibial areas on August 21. This rash faded after 2 
days. During his illness the patient showed a remittent 
temperature which reached 103° to 104.5° F. for 5 days. 
A blood culture taken shortly after the appearance of the 
rash proved sterile. Two days after defervescence he 
was completely recovered and was dischargcl from th.e 
hospital. Tile clinical diagnosis was Fort Bragg Fever. 

Two SjTian hamsters and two guinea pigs were in- 
jected intraperitoncaliy with blood frc'hly drawn from 
this patient on August 21, 1944, 5 days after rn^et, v.'ntm 
his temperature was 104.5° F. Both h.amsters were 
found dead on the tentlt day. No m-acro^-opic abn-r- 
malitics were found at autopsy and the v: terra v. ere 
bactcriologically sterile. Passage to rth.er h.amsttrs '.va' 
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not attempted. Both guinea pig.s developed fever (105°- 
106° F.) 8 days after inoculation. On the second ,day of 
fever, one of the animals was sacrificed ; citrated blood, 
suspensions of brain, pooled liver and spleen, and tunica 
vaginalis were obtained and each injected into two guinea 
pigs by the intraperitoncal route. Cultures of the blood 
and organs of the guinea pig showed no growth. After 
a 7-day incubation period, fever developed in guinea pigs 
of the groups which had received blood and pooled liver 
and spleen; but no disease appeared in the other animals. 
A febrile illness was regularly induced in passage animals 
inoculated with citrated blood from affected guinea pigs. 
A similar febrile illness was induced and maintained by 
passage in guinea pigs injected with suspensions of liver 
and spleen of such animals: after the fourth serial pas- 
sage, this line was abandoned for convenience. The stock 
colonies of the guinea pigs and hamsters were free from 
intercurrent disease at the time, as evidenced by several 
negative experiments emplo 3 ’ing intraperitoncal injections 
of blood from patients with other diseases. 

Pathogenicity jor animals and eggs 

GUINEA pigs: Guinea pigs developed fever fol- 
lowing intraperitoneal injection of citrated blood 
or intracerebral injection of serum taken from 
passage animals on their first day of fever. The 
incubation period was from 4 to 8 days and the 
febrile course was from 2 to 4 days. Young 
guinea pigs (200 grams body weight) showed a 
more prolonged febrile reaction and a shorter in- 
cubation period than adult animals. Convalescent 
animals remained afebrile when reinoculated with 
infectious passage material. Fever was the only 
clinical evidence of infection in guinea pigs ; none 
of the several hundred animals used in the 90- 
odd passages of the agent ever appeared sick. No 
macroscopic or microscopic pathological changes 
were consistently noted in guinea pigs sacrificed 
at various stages of the infection. Inclusion 
bodies and rickettsiae were searched for in sec- 
tions and smears of organs stained by Giemsa’s 
method and other techniques ; none was found. 

rabbits: The disease induced in rabbits in- 
jected with infectious guinea pig material by the 
intraperitoneal or intracerebral route was essenti- 
ally identical with that seen in guinea pigs injected 
with passage material. This mild febrile illness 
was maintained during four serial passages in 
rabbits. 

hamsters: Adult hamsters which were inocu- 
lated intraperitoneally with blood from guinea 
pigs of the sixth and subsequent passages died 


after about 8 days. How’cver, the disease was only 
irregularly reproduced in adult hamsters which 
were injected with blood from moribund animals 
of this species. Young hamsters, 40 to 60 grams 
body weight, proved more susceptible to the ex- 
perimental infection since the agent was readily 
maintained by serial intracerebral passage in them. 
Cerebral tissue from a young hamster used for 
the fourth transfer titered 10*' when tested in 
hamsters. 

A characteristic, rapidly progressing disease de- 
veloped in inoculated hamsters following an incu- 
bation period of 7 to 16 days. Some hours pre- 
ceding death, these animals became abnormally 
irritable and showed slight ataxia. Tliey assumed 
a hunched position in the darkest corner of the 
cage, apparently having photophobia associated oc- 
casionally with a scropurulent discharge from the 
eyes. Generalized tremors, but no true convul- 
sions, were occasionally noted. The initial ataxia 
rapidly progressed to complete paral 3 'sis of all 
four extremities and death usually ensued within 
a few minutes. Gross and microscopic findings at 
autopsy were consistently normal except for areas 
of fresh hemorrhage in the lungs which were fre- 
quently observed and were regarded as agonal 
manifestations. No inclusion bodies or rickettsiae 
were seen in the histological sections of the cen- 
tral nen’^ous system or viscera. 

mice: Infectious material injected by various 
routes into mice of different ages and breeds in- 
duced no obvious disease. Furthermore, serial 
“blind” passages were unsuccessful. 

EMBRYONATED EGGS: The intravenous injection • 
of 11 -day embryonated eggs with infected serum 
from passage guinea pigs resulted in the death of 
most embryos after about 7 days of incubation at 
96° F. The agent was subsequently maintained 
for 23 serial transfers in embryonated eggs by the 
intravenous injection of suspensions of infected 
embryo liver diluted from lO'- to 10"^. The 
embryo livers were often dark green in color, but 
no otlier abnormalities were noted.. No inclusion 
bodies or riclcettsiae were seen in stained smears 
of embryo viscera, yolk sac, or chorio-allantoic 
membranes or fluids, Embryonated eggs survived 
the injection of infected guinea pig plasma into 
the yolk sac or the chorio-allantoic sac, or onto 
the chorio-allantoic membrane. However, it was 
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possible to demonstrate the presence of the agent 
in yolk sac tissue of embryos which had been in- 
jected intravenously with infected egg material 
and to propagate the agent thereafter by the yolk 
sac route. Titrations in hamsters of fresh suspen- 
sions of infected embryo liver or yolk sac usually 
yielded end points of 10''*. 

Filterability 

Plasma from febrile guinea pigs was employed 
in a few preliminary filtration studies on the 
agent. For this purpose, the plasma was diluted 
with an equal quantity of physiological saline solu- 
tion and passed through Seitz or Corning UF 
filters. Virus was demonstrated to be present in 
the filtrate of a Coming fritted glass filter (UF) 
but not in that from a single Seitz pad. Materials 
were tested for infectivity by intravenous injection 
into embryonated eggs, and the presence of the 
virus in tissues of embryos which died was con- 
firmed by passage to hamsters and guinea pigs. 


The glass filter used in the experiment did not 
permit the passage of Staphylococcus albus which 
was added to the infected plasma. 

Neutralization tests 

•Sera from patients convalescent from 'Fort 
Bragg fever and sera from recovered guinea pigs 
were tested for neutralizing antibody against the 
new agent. Virus for these tests consisted of 
undiluted guinea pig plasma or dilutions of in- 
fected chick embryo liver covering the range of 
10'^ to 10'®. The technique was as follows ; Equal 
amounts of undiluted serum to be tested and the 
appropriate dilution of virus were mixed and in- 
cubated for 1 hour at room temperature and then 
injected into groups of two or three adult ham- 
sters. Each animal received 0.5 ml. of the mix- 
ture intraperitoneally. The animals were observed 
for a period of 21 days and deaths recorded. 

The results of such neutralization tests carried 
out on acute and convalescent sera from five cases 


TABLE I 

Results of netUralizalion tests in hamsters 


Sera 

Source and dilution of virus 

Source 

Day after 
onset 

Guinea pig plasma 

Chick cmbr>’o liver 

Undiluted 

io-» 

10-2 

io-« 

Patient A** 

s 

23 

39 

DIO.* Dll 

s.s 

S. S 

, D9. DIO, Dll 

s,s,s 


D15, D16, S 

S, S.S 

Patient B 

4 

28 

D12, D14 

S, S 

D9, D9, S 

s.s.s 

D17, D18, S ' 

D20, S, S 

D13, D13, S 

S.S.S 

■ Patient C 

4 

15 

1 

Dll. Dll 

DIS. S 


1 


Patient D j 

4 

24 

Dll, DU 

Dll, Dll 




Patient E 

4 

24 

! 

D9, D9, DIO 

D9. D9, DIO 

D13, D16, D19 

DIO, S, S 

DIO, DIO, D12 

D12, D13. D20 

Guinea Pie 

B99 

0 

24 


D9. D9. D9 

S. S.S 


1 

Guinea Pie 

BlOO 

0 

24 


D9, D9, D9 

D14, S, S 


1 

1 

i 


Death on 10th day after inoculation. S — Survived. 
Inc new virus M*as isolated from the blood of this patient. 
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of Fort Bragg fever and two experimental guinea 
pigs are summarized in Table I. It is evident 
from the data that the convalescent sera from Pa- 
tients A and B and from both guinea pigs con- 
tained neutralizing substances which protected 
the hamsters from death. 

Storage 

Considerable difficulty has heen encountered in 
preserving the agent. Infectivity of blood, whole 
tissues, or tissues suspended in broth was lost 
after storage for 24 hours at 20° C., 4° C., or at 
— 70° C. in sealed glass ampoules. However, 
viability has been maintained when 20 per cent 
suspensions of infected embryo tissue were pre- 
pared in sterile skimmed milk media, pH 7.2, 
frozen rapidly in glass sealed ampoules and stored 
at — 70° C. ; in one instance the agent was active 
after 8 months storage under these conditions. In 
one experiment, the infectivity of a chick embr 3 '^o 
liver suspension diminished after storage at — 70° 
C. for 24 hours from a titer of lO*'* to 10'- ; both 
titrations were made in hamsters. The lability of 
the virus was further suggested in the tests with 
human subjects (see Part II). It was found that 
plasma taken from these patients during the febrile 
illness and proved to be infectious (actually whole 
blood was used here) by injection into other hu- 
man beings, was not infectious for man after stor- 
age at — 70° C. for 12 days.'* Fresh plasma was 
known to be infectious from work with hamsters. 

Relation to other infectious ^agents 

The available data are insufficient to identify this 
agent with any known pathogen. Sera of guinea 
pigs convalescent from the experimental disease 
failed to fix complement with the soluble antigen 
of lymphocytic choriomeningitis. Recovered 
guinea pigs were fully susceptible to infection with 
the Balkan Grippe strain of the rickettsia of Q 
fever (3). Convalescent sera from three of the 
patients described in Part II failed to fix comple- 
ment with the antigen of Rocky Mountain spotted 
fever; in addition, no significant titers developed 
in the Weil Felix reaction with 0X19, 0X2, and 

* This might e.xplain the failure in 1942 of the group 
who investigated Fort Bragg fever to recover the agent 
from the blood of patients. All of the materials were 
stored in the frozen state for some days before injection 
into animals (2). 


OXK. The new agent was clearly different from 
the rickettsia-like organism which had been pre- 
viously encountered in guinea ])igs used in studies 
on Fort Bragg fever (4)’. Subsequent unpub- 
lished work indicated that the infection caused by 
the rickettsia-like agent was enzootic in the guinea 
pig colon}' and bore no relation to Fort Bragg 
fever in human beings. 

PART II 

rATIIOGKNICITY OF THE AGENT FOR 
HU.MAN BEINGS ^ 

In order to test the disease-producing capacity 
in man of the virus which had been maintained in 
guinea pigs and embryonated eggs, the inocula- 
tion of human subjects was next undertaken. The 
plan was to determine whether or not any disease 
could be produced by the injection of a suspension 
of infected egg embryo liver and, if infection oc- 
curred, to study the resistance to the new agent of 
individuals known to have recovered from dengue 
fever and from sandfly fever. 

METHODS 

Preliminary physical e.xaminations were performed on 
all subjects; in addition, the results of .x-ray e.xaminations 
of the lungs, routine blood counts, urinalyses, and daily 
rectal temperatures indicated that they were, with few 
exceptions, in good general physical condition; all were 
free of intercurrent infection. Particular attention was 
given to examination of the skin, where long-standing 
blemishes might be confused later with the appearance of 
specific rashes. No attempt was made to isolate the pa- 
tients because of the lack of epidemiological evidence for 
cross infection in naturally occurring Fort Bragg fever. 
It may be mentioned now that subsequent experience in 
the present studies likewise failed to suggest that the dis- 
ease is contagious. 

The first group of three patients were injected with a 
10 per cent suspension of infected embryonated chick liver 
in saline. The material for this purpose was harvested 
from living embryos on the sixth day after intravenous 
injection with the 23rd egg passage, at a time when SO 
per cent of the embryos had already died. This egg line 
had been started from the infectious serum of a guinea 
pig of the 80th serial passage in this host. Aerobic and 
anaerobic cultures of the inoculum for patients showed no 
growth on the usual bacteriological media. This same 
embryo liver emulsion was infectious at a dilution of 10"^ 
when titrated intracerebrally in hamsters. Mice given a 

s The human subjects used in this study were part of a 
group undergoing fever therapy at the Longview State 
Hospital in Cincinnati. 
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combined intracerebral and intrapcritoneal injection re- 
mained well. Guinea pigs which were also injected intra- • 
peritoneally with this inoculum developed the characteris- 
tic febrile reaction and the agent was readily transmitted 
to a second group of guinea pigs by inoculation of blood. 
It is evident that the infectious agent injected into the first 
group of human subjects had characteristics tj-pical of 
those previously described for the virus. 

The three individuals who made up the first group of 
subjects received 3.0 ml. intramuscularly and 0.4 ml. in- 
tracutaneously of the chick embryo liver suspension de- 
scribed above. Subsequent transfers of the agent to other 
individuals were made with blood which was drawn from 
the patients within 24 hours after the onset of fever. This 
was defibrinated, pooled, and immediately injected into 
the new subjects who received 5.0 ml. intramuscularly 
and 0.4 ml. intracutaneously. 

RESULTS 

A short febrile illness developed in all three 
of the subjects following injection with the sus- 
pension of infected chick embryo liver. The three 
individuals of the second group, who received 
pooled defibrinated blood of the first patients, de- 
veloped a similar short febrile illness. Accord- 
ingly, the plan to carry out immunity studies was 
put into effect in the third group which consisted 
of two normal individuals, two persons recovered 
from sandfly fever, and four recovered from den- 
gue fever. All of the patients, with one exception, 
in this third group developed the febrile reaction, 
and tbe majority exhibited the clinical picture of 
Fort Bragg fever with rash and leukopenia. The 
single exception was a normal subject who failed 
to show any fever over a 23-day period of observa- 
tion. He had not been out of the state of Ohio, 
as far as could be determined, and his failure of 
response remains unexplained. The results of 
these studies in man are summarized in Figures 
I and 2. Figure 3 illustrates the types of rash 
which were seen. More detailed information con- 
cerning the various clinical features of the disease 
produced in man is given below.® 

ItfcubaUou periods. The three individuals in the 
first group, inoculated with infected embryo liver 
suspension, came down sharply with fever on the 

^ ® One additional individual, not included in the 14 men- 
tioned above, was injected intracutaneously with only 0.4 
ml. of pooled scrum from the first group of patients. He 
failed to develop fever during the following 20 days. 
\\3icthcr this person, like patient 7, \sas resistant to the 
sirus or whether larger doses of virus were required for 
transmission remained undecided. 


ninth day after inoculation. The second group 
developed fever from the 11th to the 14th day after 
inoculation tvith defibrinated blood from the first 
group. The third and largest group, consisting of 
eight individuals, had incubation periods varjnng 
from 8 to 14 days, averaging 11. These were quite 
in accord with the estimate of 10 days or longer in 
the naturally occurring disease at Fort Bragg (2). 

Fever. The temperature curves of the patients 
were spiking, such as occurs in the natural disease 
( 1 ) . Daily physical examinations failed to reveal 
evidence of the occurrence of intercurrent disease. 
The clearcut temperature elevations, ranging from 
101° to 105.5° F. (rectal) and extending over a 
period of 1 to 6 days, average 3.2, stood out sharply 
from the preliminarj' temperature base lines. In 
four patients, a slight rise in temperature appeared 
4 days preceding the main bout of fever. \^Tlile 
no isolation of virus was attempted at this time, it 
will be noted in a subsequent paragraph that this 
agent circulates at least 2 days prior to the onset 
of the typical disease. The possibility was con- 
sidered that this mild fever might represent the 
onset of viremia. Figures 1 and 2 show the varia- 
tions in febrile response in the group of fourteen 
patients. 

Other clhiical signs and symptoms including 
rash. An evaluation of symptomatology in these 
patients was not too reliable. During the first 2 
days of fever the majority complained of mild 
to moderate headache and aching in the back and 
thighs. Three individuals had mild but definite 
chills. There was loss of appetite, and occasional 
vomiting occurred. None of the patients appeared 
criticall}- ill at an}' time, and soon after deferves- 
cence all were out of bed and had a rapid return 
of appetite and strength. During the course of ill- 
ness, physical examination was not remarkable ex- 
cept for fever, splenomegaly, and rash. Three of 
the thirteen febrile individuals developed a defi- 
nitely palpable spleen, and in two more there was 
questionable enlargement. A few cases developed 
injection of the sclerae with photophobia. There 
were no signs of respirator}- or of meningeal in- 
volvement, and there was no significant lymph- 
adenopathy. 

No unequivocal rash was seen in any of the pa- 
tients in the first two groups. However, five of 
the eight members of the third group developed 
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Fig. 1. Temperature Charts— Experimental Pretibial Fever in Man 
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TABMi II 


Average tolal and differential leukocyte counts in the five cases with leukopenia 


Days of fever j 

Base 

line* 

-i»* j 

1 1 

2 1 

1 

3 

4 

3 

(> 

7 

Total WBC , 

9,531 

11,775 

10,950 

11,017 

6,500 

5,400 

5,940 

6,775 

9,400 

Per cent granulocytes 

62 

73 

79 

79 

64 

61 

55 

50 

65 

Adult forms 

57 

■ 67 

73 

74 

52 

56 

43 

47 

61 

Young forms 

5 

6 

6 

5 

12 

5 

12 

1 3 

4 

Per cent lymphocytes 

36 

26 

20 

19 

34 

38 

43 

1 

47 

1 

27 

1 


* Average of counts taken well before onset of fever; at least 2 counts per subject. 

** Indicates the day before the onset of fever; subsequent numbers indicate the days after the onset of fever. 


rashes of varying extent which appeared from the 
second to the fifth day after the onset of fever. For 
the most part these were limited to the anterior 
and lateral surfaces of the legs. The lesions were 
transitory and faded rapidly after the second day 
with evidence of residual pigmentation and small 
hemorrhagic areas in two of the cases. 

Some of these patients were seen by Dr. Ashley 
A. Weech, Professor of Pediatrics; University of 
Cincinnati, who described their skin lesions in this 
manner; "The following description of the rash 
in experimental pretibial fever is the result of in- 
specting three patients, one with presumably early 
lesions on the fifth febrile day, another with better 
lesions on the third day, and the third' with lesions 
on the seventh day. The three cases are suffi- 
ciently similar to permit one description. Lesions 
were present in the skin over the lower half of the 
tibiae in all cases; in one subject, similar lesions 
were present on the dorsal surface of the left 
forearm. The involved areas show an erythema- 
tous blush and vary in diameter from a few milli- 
meters to a few centimeters. The borders are 
well defined, but the shapes are irregular. The 
areas are slightly elevated above the surrounding 
unaffected skin and on palpation feel mildly in- 
durated. In two lesions over the tibia of one pa- 
tient there was a small ecchymosis in the center. 
The appearance was that, of fresh hemorrhage.” 

In one individual (patient 12), a large erythe- 
matous blush first appeared on the right shin, fol- 
lowed two days later by erythema and edema at the 
site of intracutaneous inoculation of the virus sus- 
pension. Two days after this, maculopapular ery- 
thematous lesions appeared over both shins. None 
of the other cases showed any reaction at the intra- 
cutaneous inoculation site. The rashes seen in the 
five subjects were sufficiently similar in appear- 


ance and distribution to the raslics described in 
the naturally occurring disease to leave little doubt 
but that tlie clinical picture of Fort Bragg fever 
had been reproduced in these human subjects. 

Five of the tliirtcen positive cases showed a 
slight leukocytosis with a relative increase in 
granulocytes which appeared late in the incubation 
period and persisted for a day or so after the onset 
of fever (see WBC in Figures 1 and 2). Begin- 
ning about the third day of the febrile phase, a 
slight leukopenia witli a relative lymphocytosis ap- 
peared and persisted for a few days. Further 
interpretation of the available data did not seem 
warranted. Average daily values of the leukocyte 
counts for these five cases are shown in Table II. 
The hematological findings in these individuals 
were similar to those in patients with Fort Bragg 
fever. 

IMMUNOLOGICAL RELATIONSHIP BETWEEN FORT 

BRAGG FEVER, SANDFLY FEVER, AND DENGUE 
FEVER 

Sabin (6) found that there are distinct im- 
munological types of dengue virus which are 
sufficiently related to give rise to group specific 
cross immunity during the first 4 to 8 weeks, al- 
though at a later date the immunity is type-specific. 
Similarly in sandfly fever, one strain of virus iso- 
lated from an outbreak in Italy was completely 
unrelated (J.e., there was no cross immunity even 
during the first weeks) to two other viruses which 
were isolated in the Middle East and Sicily. The 
last two agents were identical in so far as yielding 
complete cross immunity even 2 years after a single 
experimental attack (6). The patieiTts used in 
these tests (see Figure 2) were selected by Dr. 
Sabin from among those he had previously inocu-' 
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hitcd with dengue or sandfly fever viruses. Thus, 
patients 11 and 12, wlio had had typical e.xperi- 
mental attacks of dengue following inoculation 
with the “New Guinea C” strain of virus 1 month 
before the pre.sent test, were selected since they 
would he expected to he iininune to both “Mawaii" 
and “New Guinea C“ strains of dengue. Patients 
13 and 14, who had had experimental dengue fever 
following inoculation with the “Hawaii” strain 
of virus, 7 and 6 months, respectively, jjrior to the 
present test, would resist only an agent immuno- 
logically identical with the “Hawaii” type of virus. 
Similarly, patients 9 and 10 could indicate a rela- 
tionship only between the new agent and the 
“Middle East — Sicilian” type of sandfly fever 
virus (5) but not with sandfly fever in general. 
Patient 9 had had his first attack in November, 
1943 (ZYo years prior to the present test) and was 
immune when challenged with the homologous 
virus in October, 1945. Patient 10 had had his ex- 
perimental attack in October 1945, or 7 months 
before the present test. Since all six patients de- 
veloped the experimental disease produced by the 
'new agent, it can be concluded that it possesses 
neither a group relationship with the known den- 
gue viruses nor any relationship with one strain 
of sandfly fever virus. It may be stressed, further- 
more, that neither the dengue nor the sandfly 
fever viruses possess the pathogenic properties of 
the new agent for hamsters and guinea pigs. 

DETECTION OF VIRUS IN THE BLOOD OF PATIENTS 

Information on the time of appearance and dura- 
tion of viremia in experimentally infected human 
subjects was obtained in the following mannei-. 
Blood was drawn from the patients at various 
times during the disease, immediately defibrinated, 
and injected into young hamsters. In certain in- 
stances the animals received 2.0 ml. of undiluted 
blood intraperitoneally. In others, serial ten- 
fold dilutions of serum were injected intracere- 
brally in order to determine the infective titer. 
Those hamsters which died between the seventh 
and sixteenth days were assumed to have suc- 
cumbed to infection with the virus under investiga- 
tion. The results of these tests in patients 1, 2, 
and 3, Figure 1, clearly showed that virus was 
present at least 48 hours before the onset of fever 
and was still detectable on the second day of fever, 


but not on the fourth day or thereafter. Patient 
8, Figure 2, had detectable virus circulating 24 
hour.s before and 24 lu)urs after the onset of fever, 
but not 4 days before nf)r 3 days after the on.'-et of 
fever. In two instances, undiluted blood from 
patient 8 w;is lethal for h.amsters but failed to kill 
in dilutions of 1 :10 or greater. It may he con- 
cluded that the virus appeared in the bloorl of these 
patients .shortly before the onset of fever ;ind dis.'i])- 
peared promptly; furthermore, it did not occur in 
large amounts. 

.SU.M.MAUY AND CONCI.USION.S 

An infectious agent was recovered from guinea 
pigs injected with blood from a soldier suflering 
from h'ort Bragg fever in .August, 1944 at I'ort 
Bragg. The agent induced a febrile non-falal ill- 
ness in guinea ])igs and rabbits and a lethal disease 
in hamsters. It was maintained by passage in ani- 
mals or embryonated eggs, but storage even at 
— 70° C. was unsatisfactory unless special precau- 
tions were taken. The agent was filterable under 
conditions which were adequate to retain stajihyl- 
ococci. 

The virus, after jirolonged passage in guinea 
pigs and embryonated eggs, was able to induce the 
clinical picture of Fort Bragg fever in some of the 
inoculated human beings, while the majoritv ex- 
hibited only fever for 1 to 3 days. 

The new virus appears to be unrelated in its 
properties or immunologically to the agents of 
lymphocytic choriomeningitis, Q fever. Rocky 
Mountain spotted fever, sandfly fever, and dengue 
fever. It does not resemble the rickettsia-like 
agent previously encountered in work on Fort 
Bragg fever and subsequently shown to be enzootic 
in guinea pigs. 
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In an earlier communication (1) attention was 
called to the marked depressions of albumin : glo- 
bulin ratios that frequently occur in the course of 
louse-borne typhus fever. Serum globulin con- 
centrations in a number of cases were found to be 
higher than 5 grams per 100 ml. Because of the 
consistent rise in serum globulins in this disease, 
possibly a feature of the immune response, it was 
of interest to determine which globulin compon- 
ents were increased and to observe the sequence 
of changes associated with the clinical course. 

The dectrophoretic anal 3 '’ses to be described 
were made on serum samples taken from a pa- 
tient with clinically typical severe t 3 ^phus fever, 
included in the group previously reported. It 
will be seen that the depression of his albumin: 
globulin ratio was associated with a striking in- 
crease in the y globulin component. 

PROCEDURE 

Sera were stored in sterile tubes at 4° C. without pre- 
servative. After the collections were complete they were 
brought from Egypt to New York City, refrigerated in 
transit. 

The electrophoretic analyses were made in diethylbar- 
bituric acid buffer (n 0.1, pH 8.6) as previously de- 
scribed (2). 

OBSERVATIONS AND DISCUSSION 

A. S. M. (No. 2501), a 21-year-old Egyptian man, 
was admitted to the Typhus Commission ward on the 
third day of disease, acutely ill. There was no history 
of previous typhus, nor had he received anti-typhus 
vaccine. 

. During the first three weeks of hospitalization he had 
a sustained high fever. Delirium, vomiting, and a typical 
rash were .present during the first week; intractable diar- 
rhea during the second, and attacks of bronchial asthma 
during the third. In the latter part of his febrile course, 
dysarthria appeared with periods of emotional depression, 

1 The Bureau of Medicine and Surgery does not neces- 
sarily endorse opinions expressed in this paper. 

' - Lt. Comdr. (MC), U.S.N.R. 

2 Lieutenant (MC), U.S.N.R. 


increased tendon reflexes, spasticity of extremities, and 
adiadokokincsis. These neurological signs gradually dis- 
appeared during the subscfiucnt five weeks of convales- 
cence. At tlic time of discharge on the fifty-ninth day 
of disease, he was underweight, hut the physical examina- 
tion in other respects was normal. 

On the fifth day of disease the Wcil-Eclix and comple- 
ment fixation reactions were negative. On the forty- 
seventh day these tests were positive in dilutions of 1/320 
and 1/1280 respectively. 

OBSERVATION.'? AND DISCUSSION 

The results of electrophoretic anah’sis and the 
associated clinical data are charted in Figure 1. 

The total protein, low during the carl 3 ' febrile 
stage, rose to abnormally high values in conval- 
escence. 

The relative proportion of albumin, and with 
it the albumin to globulin ratio, was found to be 
markedly depressed even on the fourth day of 
disease. Similar, but lesser, early depressions of 
albumin have been observed in patients with ma- 
laria (3) and with scarlet fever (4). Presumably 
this is a non-specific reaction to an acute febrile 
illness. 

The relative proportion of globulin was 
not significantly disturbed; Oo globulin showed a 
slight sustained increase. The practical absence 
of change in these components contrasts with the 
conspicuous increase found in patients with scarlet 
fever (4). 

/? globulin was on the low side of normal 
throughout the illness. 

Most interesting is the early marked elevation 
of y globulin. If it be assumed that the patient had 
a normal distribution of serum protein compon- 
ents prior to illness, this phenomenon would ap- 
pear to indicate that there is a considerable release 
of y globulin protein during the acute reaction to 
typhus infection. It would seem unlikely that 
the increase in y globulin on the fourth day of 
disease could have been due to production of 
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heavy vertical brackets. 
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specific antibodies at tliat early date iii a person 
without previous exposure to the antigens con- 
cerned. The available data, moreover, indicate 
that at least some of the antibodies which appear 
in the course of typhus fever were not then jwes- 
ent, since the Weil-Felix and complement fixation 
tests were negative at that time, although later 
positive in high dilutions. It would further ap- 
pear probable that protective antibodies were not 
present in significant concentration on the fourth 
day since the patient continued to be severely ill 
for over two weeks subsequently. 



A/G ratio, Howe fractionation 


Fig. 2. Correlation of Albumin : Globulin Ratios 
Measured by Electrophoretic Analysis and by Howe 
Sodium Sulfate Fractionation 
Open circles show the new data. 

The exceptionally low albumin: globulin ratios 
encountered in these sera presented an opportun- 
ity to extend the previously reported (2) corre- 
lation between the ratios /determined by electro- 
phoretic analysis and by the customary Howe 
sodium sulfate fractionation. It may be observed 
in Figure 2 that the newer data (open circles) 


approximate the same line drawn to fit earlier 
values. It would thus appear proper to infer from 
the more extensive study on typhus fever serum 
proteins ( 1 ) that the marked depressions observed 
in albumin; globulin ratios by .salt fractionation 
would imply comparable abnormalities in the elec- 
trophoretic ratios. 

SUM.MARY 

1. The relative proportion of albumin and the 
albumin: globulin ratio were markedly reduced on 
the fourth day of typhus fever and through the 
convalescence. 

2. The a and /3 globulins were practically un- 
affected. 

3. y globulin was increased to a striking degree 
on the fourtb day and to an even greater extent 
in convalescence. 

4. A previously described relation between the 
albumin ; globulin ratios determined clectrophor- 
ctically and by salt fractionation was found to re- 
main valid for the lower ratios encountered in this 
study. 
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Although iodine has been used as a therapeutic 
agent for many years, information concerning its 
absorption, excretion, and physiological effect in 
normal men is not extensive. Several investigat- 
ors have studied the uptake of iodine in the normal 
and pathological thyroid (1, 2, 3, 4, 5) and others, 
in balance studies, have sought to measure the 
daily iodine requirement of the body as a whole 
(6, 7, 8, 9). In general, very small amounts of 
iodine were used in these studies and the re- 
sults cannot be applied readily to the fate of 
large quantities of iodine. This study deals with 
the absorption and e.xcretion of iodine in quantities 
ranging from 20 mgm. to 440 mgm. per day, more 
than a thousand times the estimated daily require- 
ment (4, 10) , but within the range of clinical ad- 
ministration for syphilis, roentgenography, and 
for use as an expectorant, and only slightly above 
the commonly administered dosage of Lugol’s so- 
lution for the treatment of thyroid disorders (11). 

Two toxic effects of iodine in normal human sub- 
jects are well known, the direct toxic action of free 
iodine in aqueous or alcoholic solution on tissue 
protoplasm, and iodism or iodine sensitiveness, oc- 
curring in a small percentage of cases (12, 13, 
14). It was formerly thought that iodine could 
give rise at times to hyperthyroidism (15, 16, 17), 
but more recently the consensus is that iodine has 
no effect on the basal metabolic rate of normal per- 
sons (4, 18, 19, 20, 21). Studies in this regard, 
however, have been limited. The few subjects 
used were not closel}' observed or were not fol- 
lowed for more than one or two weeks. Iodized 
salt has been used in large population groups with- 
out ill effect (22) but the amount of the halogen 
ingested daily was ver\’ small. In rabbits, a fall 
in metabolism due to Lugol's solution has been 
noted, reaching minimum values on the third day. 
and followed by a return to normal (23). Other 
animal studies have been equivocal in this regard 
(24. 25, 26. 27. 28). Iodine has been thought to 


increase nitrogen excretion in dogs and in man. 
(29). 

In the present study a group of 13 healthy sol- 
diers ingested large quantities of water containing 
an average of 34.8 mgm. per liter of iodine over 
a period of 38 days.^ Iodine absorption from the 
gastrointestinal tract, excretion in the urine, sweat, 
and feces, and the concentration of iodine in the 
plasma were determined. A rough balance study 
was possible. The subjects worked and lived 
throughout the test in a hot humid environment. 
This led to the consumption of large amounts of 
iodine containing water and facilitated the study 
of iodine excretion in the sweat. The men were 
subjected to severe physical stress and observa- 
tions were made on general health, work perform- 
ance, acclimatization to heat, and basal metabolic 
rate. 

METHODS 

Experimental cotiditions. The subjects were 
divided into groups A and B, of 3 and 10 men 
respectively, on the basis of physical character- 
istics and work performance during a preliminary 
control period of 6 days. The environmental tem- 
perature at this time was kept at 80 degrees F. dry 
bulb and 30 to 50 per cent relative humidity. The 
test period in which iodine was administered fol- 
lowed immediately and lasted 45 days. During 
this time the environment of the laboratory’ room 
was maintained at a drj’ bulb temperature of 90 to 
91 degrees F. and 95 per cent relative humidity 
from 8:00 A.M. to 4:30 P.M., but was returned 
to the relatively’ cool eny’ironment of the control 
period in the remaining hours of the day and night. 
The test period was followed by a final control 

* This report is derived from a study of Bursnliue. an 
iodine-coulaininR agent for the disinfection of '.vater. 

Bursolinc tablet contains 82 mgm. of free iodine and 
S2 mgm. of iodine combined as diglycine hydroiod’.de. 
On addition to v.-atcr Bursolinc yields a ss'luti'm of free 
and ionic iodine. 
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period of 3 days, identical with the first period. 
All men, unless incapacitated, walked 5 hours each 
day except Sunday, 3 hours in the morning and 2 
hours in the afternoon, at an average pace of 2.8 
miles per hour. They wore shorts and regulation 
army shoes only, and carried 20-pound packs. 
They remained in the laboratory room day and 
night. 

Group B drank iodine-containing water in the 
first 38 days of heat exposure while group A 
drank salted tap water. During the last 6 days of 
heat exposure, group A drank iodine-containing 
water and group B drank salted tap water (Table 
I). On Sundays when the men did not work, 
water requirements were low and the iodine in- 
gestion consequently was reduced. 

The final iodine content of the drinking water 
averaged 34.8 mgm. per liter of which 34 per cent 
was free iodine and 66 per cent iodide. 


TAIU.I-: I 


Rcpjmctt of exposure, to iodine and heal 



Cool 




Cool 


control 

Iodine nnd moist Iieat 45 days 1 

control 
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T 


T == Tap water, iirUrcaled. 

S = 'lap water, salted to 0.1 per cent. 

I & S = Iodine water, Kilted to 0.1 per cent. 


Experimental procedures. All water was dis- 
pensed by a trained technician and the consump- 
tion recorded. Twenty-four hour urine collections 
were made on all subjects throtighout the study. 
During the period of iodine intake, blood samples 
were obtained on Monday morning and afternoon. 
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Fig. 1. Plasma Iodine versus Iodine Water Intake 
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Wednesday afternoon, and Saturady morning and 
afternoon. After stopping iodine, only morning 
specimens were collected. Sweat collections were 
made at intervals by using dry suits of clothing for 
total sweat, or arm length rubber gauntlets for 
arm sweat. Feces were collected from 2 men for 
7 consecutive days. 

Details of the chemical methods will be given 
in a separate report (30). 

Plasma rather than whole blood was chosen for 
analysis because of the simplified technic of de- 
termination and the expectation that, since the 
distribution of the iodide ion is similar to that 
of chloride (31), the plasma would give a more 
stable index of iodide concentration than whole 
blood. In addition, since the protein bound and 
organic iodine are removed with the protein pre- 
cipitate (32, 33) a protein-free filtrate provided a 
homogeneous source of iodide ion. The available 
evidence (33) indicates that ingestion of iodine or 
iodide primarily influences the ionic iodide frac- 
tion of plasma. Iodine present in body fluids is 
believed to exist exclusively in the reduced form. 
This is suggested both by the redox potential of 
these fluids and by demonstration (34) that io- 
dine is absorbed only after reduction to iodide. 
Unless iodine or iodides are being taken, only 
minute amounts of ionic iodide are found in plasma 
(4), certainly less than 3 or 4 /^. per 100 ml. 
which is the lower limit of detection by the method 
of analysis used here. 

During the 38 days in which Group A drank 
salted tap water, the plasma collected from these 
men was uniformly negative for iodine (less than 
per 100 ml.) ; in four instances small 
amounts of iodine were found in the urine (prob- 
ably contamination), but otherwise all were nega- 
tive. 

Observations were made on flushing, vigor, 
alertness, and the general reaction of subjects to 
work in the heat. Symptoms of headache, dizzi- 
ness, nausea, palpitation, and gastrointestinal 
cramps were noted. Pulse rates and rectal tem- 
peratures were taken before, during, and after 
the periods of work. Sweat loss was calculated 
from the weight difference between the beginning 
and end of work periods, corrected for water in- 
take, urine output, and sweat unevaporated at the 
time of weighings. Blood pressures were noted 
at frequent intervals. 
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Fig. 2. Relationship Between Iodine Intake and 
Plasma Iodine Concentration (Group B) 


Basal metabolism was measured by the closed 
circuit Sanborn Waterless and Benedict-Roth 
machines. The tests were made before 8 :00 A.M. 
when the subjects rvith rare exceptions had not 
moved from their cots. Twenty determinations 
were made on each subject, 13 of them in the 
period of exposure to iodine and heat. 


RESULTS 

Absorption of iodine. Iodine was rapidly ab- 
sorbed from the gastrointestinal tract. This is 
apparent in Figure 1 in which iodine ingested and 
plasma iodine concentrations are plotted as func- 
tions of time. A rise of plasma level occurred after 
each period of iodine intake. The dip in the climb- 
ing portion of the plasma concentration curve 
which appeared in subject Oli indicated that within 
a period of 1 to 2 hours after cessation of intake 
the peak of absorption had been passed. .Absorp- 
tion was complete since no significant quantify 
of iodine was recovered from the stools of the sub- 
jects on high intakes. The level of plasma iodine 
was directly related to the intake as is seen 
in Figure 2. 

This proportionality over longer periods of time 
appears in Figure 3 where plasma concentrations 
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Fig. 3. Plasma Iodine Concentration, Iodine Intake, and Urine Output (Group A — Average of 3 Men; 

Group B — ^Average of 10 Men) 


are shown in the upper panel, and intakes, plotted 
as solid columns for individual days, appear in the 
middle panel. The broken lines extending as V’s 
from the solid envelope of plasma concentrations 
indicate the extent of diurnal variation. 

Exa-etion of iodine. The uniformity and rapid- 
ity of the disappearance of iodine from the plasma 
are indicated in Figure 4 where iodine level is 
plotted on semilogarithmic scale against time. The 
linear plots suggest that a uniform rate of disap- 
pearance, proportional to the concentration, pre- 
vails during the elimination of iodine. From the 
slope of the average line, it is seen that if no more 
iodine is taken, plasma iodine concentration falls 
by 83 per cent (to 17 per cent of its initial value) 
in 24 hours. 


The chief route of iodine elimination was in the 
urine. As shown by the solid line in the lower 
panel of Figure 3, 74 per cent of all iodine given 
was recovered in the urine in Group B and the 
same percentage subsequently in Group A. In 
each man, excretion in considerable amounts con- 
tinued through the third day after cessation of in- 
take, but only in insignificant quantities there- 
after. This delay in excretion prevented a useful 
calculation of daily yield, for, on the rest day of 
each week, in which little iodine was taken, there 
occurred nevertheless a fairly large iodine excre- 
tion (Figure 3). This lag was due to the iodine 
content of the extracellular fluid. To compensate 
for the lag, the device of calculating urine return 
in terms of a moving 7-day average was used. 
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Thus in each 7-day average the excretion from 1 
day in which the intake was low was included. 
This average yield is shown on the bottom panel 
of Figure 3 as a broken line. The decrease in per 
cent recovered in the urine which is apparent can 
be correlated with the increase in sweat output 
(weight loss) over the experimental period (Fig- 
ure 5), and reflects the increased loss of iodine in 
sweat at high sweat outputs. 

An attempt was made to obtain short-time meas- 
urements of the rate of iodine excretion in the 
urine in order to define the characteristics of uri- 
nary excretion as a function of plasma level and 
other factors. However, the tendency of all sub- 
jects to lag behind their water requirements dur- 
ing the period of active sweating led to low rates 


of urine flow and made accurately timed collections 
of urine very difficult. The available data indi- 
cated clearance rates from 10 to 25 ml. of plasma 
per minute with a tendency toward higher rates 
with increasing urine flow. Such clearances are 
consistent with the slopes of the plasma iodine dis- 
appearance lines in Figure 4. 

The sweat was of next importance in the elimi- 
nation of iodine. In Figure 6 it is apparent that 
sweat iodine concentration is related to plasma 
iodine concentration; roughly, the concentration 
of sweat iodine is 35 per cent of the concentration 
of plasma iodine. It can be seen that while the 
iodine level in arm sweat was of the same order 
of magnitude as the whole bod)' sweat, it was 
nevertheless unifonnly higher in relation to the 




306 


N, NELSON, E. D. PALMES, C. K. PARK, P, P.. WEYMOUTH, AND W. I!. KEAN 


plasma level than whole body sweat by 25 per and Bur. The results of these experiments arc 
cent to 30 per cent. This may be due in part to given in Table II. It appears that the concentra- 
regional differences in concentration. tion of both iodide and chloride in the sweat dc- 

Data pertinent to the question of analogy in pends on the plasma concentrations in much the 
sweat excretion between chloride and iodide were same way. 

obtained in two experiments each on subjects Del Relative to the amount ingested, only minor 






Fic. 5. Heart Rate, Rectal Temperature, and Hourly Weight Loss by 3-Day Periods 
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Fig. 6. Concentration of Iodine in Sweat as a Function of Plasma Iodine 

Concentration 


amounts of iodine were found in the feces. Com- 
plete collections during 1 week made on subjects 
Pul and Tho led to recoveries of 0.32 per cent and 
0.38 per cent respectively of ingested iodine. 

Iodine balance. With the information available 
on the urine, sweat, and feces, it was possible to 

TABLE n 

Iodide and chloride excretion in the sweat as a 
Junction of plasma concentration 


Arm sweat collected for 40-minute period; plasma 
values interpolated to midpoint of period 




Iodide 



Chloride 


Plasma 

Sweat 

Ratio 
Is /Ip 

Plasma 

Sweat 

Ratio 

Cls/Ctp 

Bur 1 

910 

1, 

3.94 

0.433 

Per 1. 

95.5 

rv?. 
Per 1. 

41.5 

0.434 

Del 1 

1,260 

4.75 

0.377 

93.5 

34.5 

0.369 

720 

2.95 

0.410 

101.7 

36.8 

0.362 


900 

3.05 

0.539 

9S.7 

29.2 

0.296 


assemble the partial balance shown in Table III. 
The basis of calculation of the various components 
was as follows: the intake and urine output were 
taken from the sources already mentioned; sweat 
iodine was calculated from the total sweat excre- 
tion and an estimated iodine concentration derived 
from the correlation in Figure 6 (Sweat I = 0.35 
plasma I, where plasma I was taken as 0.77 ^ 
average peak plasma concentration) ; fecal output 
was calculated as a percentage of the total intake 
based on the results from the subjects Tho and Pul 
of 0.38 per cent and 0.32 per cent rcspcctivcl}’. 

The resulting balance, though based on crude 
estimates, gives a fair picture of the relative im- 
portance of the various paths of iodine loss under 
the circumstances of this experiment. 

* The factor 0T7 was derived from ciirs'cs of th'" IjT- 
shown in Figure 1 to approximate an integrated average 
concentration for the work perio'ls, the time o: h.irh s-.!.ra; 
outpaL 
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TABLE HI 

Approximate iodine hnlaucc 
(See text for metliods of estimation) 


Subject 

Week 

Iodine b.il.incc 

In 

Out 

Urine 

Suc.it 

1‘cccs 

Tot.il 

SCE 

2 

5 

All 

ingm. 

494 

1.675 

5,677 

mgm. 

431 

1.475 

4,984 

j>rr 

cent 

87.3 

88.0 

87.8 

mgm. 

11 

69 

215 

per 

cent 

2.3 

4.1 

3.8 

mgm. 

1.7 

5.9 

19.9 

f’cr 

cent 

0.35 

0.35 

0.35 

mgm. 

444 

1,550 

.5,218 

per 

cent 

80.9 
92.5 

91.9 


2 

550 

450 

81.8 

17 

3.0 

1.9 

0.35 

469 

85.1 

THO 

5 

1.225 

1,008 

82.3 

79 

6.5 

4.3 

0.35 

1.092 

89.1 


All 

5,699 

4,609 

80.9 

337 

5.9 

20.0 

0.35 

4,966 

87.1 


2 

895 

690 

77.1 

37 

4.2 

3.1 

0.35 

730 

81.6 

DEV 

5 

1,623 

1,197 

73.8 

153 

9.4 

5.7 

0.35 

1,.356 

83.5 


All 

7,460 

4,904 

65.7 

575 

7.7 

'26.1 

0.35 

5.504 

73.8 


2 

804 

691 

85.9 

24 

3.0 

2.8 

0.35 

718 

89.3 

Group B 

S 

1,621 

1,157 

71.4 

117 

7.2 

5.7 

0.35 

1.280 

78.9 

(10 Men) 

All 

7.143 

5,283 

73.9 

430 

6.0 

25.0 

0.35 

5.738 

80.3 


Physiological effects. The subjects ingested an 
average of 88 mgm. of iodine daily and attained 
blood plasma concentrations ranging from 75 to 
1 ,300 ixg. per 100 ml. during the 3S-day period of 
exposure (Figure 3). 

No deleterious effect on performance of work 
and no unusual hardships during acclimatization 
to heat were noted in those men taking iodine when 


compared with the control group or in comparison 
with other groups of norma! subjects under simi- 
lar conditions of stress (35, 36). The measure- 
ment of final postwork heart rate, rectal tempera- 
tures, and hourly sweat rates for the control and 
test pcriod.s are presented in Figure 5. Jt is ap- 
parent that the responses of both groups of men 
were parallel, regardless of the intake of iodine. 

The results of the basal metaholism tests are 
presented in Figure 7. The group averages 
.showed no trend, nor was any trend noted in the 
analysis of the results of individual subjects. No 
apparent change in basal metabolic rate due to 
heat exposure alone under the conditions of this 
experiment could be found. No change was ob- 
served in the size or consistency of the thyroid 
gland, and the neck circumference did not alter. 
There was an insignificant weight loss in both 
groups. 

Blood and urine e.xaminations before and after 
exposure to heat and iodine revealed only a slight 
fall in blood hemoglobin, similar to that noted in 
other groups of subjects exposed to heat alone. 

The general symptomatology of the men in both 
groups was similiar and was that of acclimatization 
as has been described elsewhere (35. 36). Blood 
pressure measurements were not remarkable. Of 
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incidental interest was the fact that the taste of 
iodine water, found quite disagreeable at first, 
was preferred by the subjects to salted tap water 
at the end of the period of exposure. 

The men were tested for skin sensitivity to 
iodine during and at the conclusion of the experi- 
ment but the small number of subjects precluded 
drawing any useful conclusions in that regard. 

SUMMARY 

(1) Inorganic iodine was rapidly and completely 
absorbed from the gastrointestinal tract. 

(2) The plasma concentration of iodine was 
directly proportional to the quantity ingested. 

(3) The iodine plasma level fell rapidly after 
cessation of iodine intake reaching near basal levels 
within 72 hours. 

(4) Excretion of iodine was chiefly in the urine 
but an appreciable fraction appeared in the sweat. 
Sweat iodine concentration was 35 per cent of 
plasma concentration. Fecal excretion was neg- 
ligible. 

(5) No effect on general health, acclimatization 
to heat, vital signs, basal metabolism, blood, or 
urine could be ascribed to the ingestion of iodine 
by normal subjects over a period of 6 weeks. 

We wish to thank T. C. Swigert, J. L. Gray, R. J. 
Bloom, and F. W. Urbush for technical assistance. 
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The activities of the various armies engaged in 
this last war have made evident the necessity for 
adequate information on the responses and reac- 
tions of man to the stresses of widely differing 
environmental conditipns. During the past few 
years great emphasis has been placed upon in- 
vestigations attempting to delineate the reactions 
of man to hot environments. Only a very limited 
number of studies were made in regard to cold 
weather despite the fact that greater divergences 
from normal (temperate zone) temperature con- 
ditions occur in sub-arctic and arctic areas. 

Physiological investigations at these very low 
temperatures are hampered to some extent by the 
necessity for excessive amounts of clothing, which 
makes analysis of the role of the body tempera- 
ture-regulating apparatus difficult. Even though 
investigators have been forced to consider only- 
very practical matters, a certain amount of basic 
information has accrued, — primarily concerning 
the most adequate means of providing external 
heat or retaining body heat through the medium 
of protective clothing. In this report the re- 
sponses of men working in environments as low 
as — 46.7° C. are presented. This complements 
earlier data (1) on men who sat quietly for long 
periods of time at similar ambient temperatures. 

METHODS 

All experiments were conducted from the months of 
August through December in the laboratory cold room 
described in a previous report (1). The environmental 
temperatures were maintained within + 0.5° C. Air 
movement during test periods was practically zero. 
Exposure of subjects to the environments from —3.3° 
to —46.7° C. was made in a random manner. Two to four 
tests were made on each subject in the various em-iron- 
ments except on subject JO., who was not available for 
ambient temperatures of -16.1° and -20.4° C. The 
physical characteristics of the five subjects are presented 
m Table 1. The men were dressed in either of two 
clothing combinations,^ arctic or herringbone twill uni- 

* Major, MC, L'SA. 

= T/3, MC, IJS..\. 


forms In general only a single test was made on each 
subject during the day and that between 9 and 12 o’clock. 
The occasional 2- and 3-hour walking periods were con- 
ducted in the afternoon. The test procedure was as fol- 
lows; each subject rested for 1 hour in a cool room (24° 
C., 50 per cent RH), donned a thermocouple harness. 


TABLE I 

Physical characteristics of subjects 


Subject 

Age 

Height 

Weight 

Surface area 



cm. 

kgm. 

.tp. 

Ve. 

19 

172 

60.4 

1.69 

Jo. 

20 

169 

73.5 

1.83 

Gl. 

19 

164 

62.1 

1.66 

Ca. 

21 

159 

53.4 

1.53 

Kl. 

19 

175 

70.8 

1.83 


and was dressed in one of the uniforms. Rectal and 
skin temperatures were taken and the subject, entering the 
cold room, stepped onto the moving belt of the treadmill. 
At the completion of the hour work period, the man left 
the cold room and did not re-enter until another experi- 
ment on the following day. 

The treadmill in use had a walking surface provided by 
a roughened rubber belt sliding on a rigidly supported 
maple slipway. All tests were conducted at a speed of 
3.0 miles per hour and a grade of 3J per cent. Skin 
temperatures were measured at 10-minute intervals at 
five or ten points with copper constantan thermocouples, 
and the mean skin . temperature was calculated by the 
procedure suggested by Hardy and DuBois (2). Rectal 
temperatures were obtained either by calibrated clinical 

^Arctic uniform: 

Drawers, wool, 50/50 
Undershirt, wool, 50/50 
Trousers, field, pile 

Trousers, field, cotton, O.D. (sateen 9 oz.) 

Parka, field, cotton, O.D. (sateen 9 oz.) 

Parka, pile 

Shoes, arctic, felt 

Socks, wool, ski (2 pairs) 

Socks, wool, cushion sole (1 pair) 

Mittens, insert, trigger finger, M-1943 
Mittens, shell, trigger finger, M-1943. 

Herringbone l:i-i!l uniform: 

Suit, work, one piece herringbone twill 

Shorts, cotton 

Socks, wool, ski (1 pair) 

Shoes, arctic, felt. 
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tlicrinomtcrs or by iiicKvclIing rectal tliennocouiilcs. 
Expired air was collected in compensated gasometers and 
analyses of aliquot gas sami)les collected over mercury 
were performed in duplicate using the Haldane machine. 
These machines were checked hy daily analysis of out- 
door air. Calculations for the oxygen consumption, 
respiratory quotient, and caloric expenditure were made 
in the usual manner. Insi)ircd air was at the same tem- 
perature as the environmental. During the work periods, 
the respiratory exchange was determined after 10 and *15 
minutes of walking. Collections of expired air were made 
for 10-minute periods. Heart rate hy palpation was ob- 
tained on four occasions, before work and at 20, 40, and 
55 minutes from the onset of walking. 

RESULTS 

The subjects were given preliminary training 
on the treadmill for a period of 12 da 3 's. Control 
studies were made at 24° C. on the 2 days prior 


to the first cold room exposure anti again on the 
2 days following the last low temi)crature day. No 
after-stimulating effect of cold was noted, the 
results being very similar to the pre-cold tests. 
Consequently all four tests at 24° C. were aver- 
aged to give the single control value in the tables. 
The data obtained on the men when dressed in the 
arctic uniform and working in the following eight 
low temperatures, —3.3°, —16.1°, —20.4°, — 
24.8°, - 27.2°, - 31.0°, - 37.2°, and - 46.7° C., 
are to be found in Tables II and III. Additional 
information is shown graphically in Figures 1 to 4. 

Regardless of the type of clothing worn, the 
energy expenditure for the standard work load 
was always higher in the cold environments, — the 
average increase being approximately 12 per cent. 
The greater caloric expenditure was not due to 


TABLE n 


Metabolic observations on 5 men dressed in arctic clothing and walking on a treadmill at 3.0 M.P.IJ. and a 
3.3 per cent grade during their first hour of exposure to the described environmental temperatures 


Environmental 

temperature 

Ventilation 

I 

Rcspirator.v 

quotient 

Oxygen 

consumption 

Hc.it production 


/. per 
min. 

\p(r cent 

1 


A 

1 per cent 

1 

1 

/. per 
min. 

A 

per cent 

i 

cal. Per 
hr. 

A 

per cent 

cal. per 
M'-. per 
hr. 

j 

A 

per cent 

1 

cal. per 
kpn. per 
hr. 

1 

A 

per eent 

Basar 4-24.0'’ C. 

24.9 


.85 


1.18 


345 


207 


5.7 


- 3.3° C. 

27.3 

9.6 

.86 

1.2 

1.25 

5.9 

366 

6.1 

215 

3.9 

5.8 

1.8 

-i6.rc. 

27.0 

8.4 

.90 

5.9 

1.31 

11.0 

387 

12.2 

218 

5.3 

5.8 

1.8 

-20.4'’ C. 

26.8 

7.6 

.82 

-3.5 

1.33 

12.7 

384 

11.3 

221 

6.8 

5.9 

3.5 

-24.8'’ C. 

26.4 

6.0 

.84 

-1.2 

1.33 

12.7 

388 

12.5 

226 

9.2 

6.1 

7.0 

-27.2° C. 

28.1 

12.8 1 

.85 1 

0.0 

1.38 

16.9 

401 

16.2 

235 

13.5 

6.3 

10.5 

-31.0'’ C. 

28.0 

12.4 

.86 1 

1.2 

1.31 

11.0 

384 

11.3 

222 

7.2 

5.9 

3.5 

-37.2° C. 

27.1 

8.8 

.86 

1.2 

1.32 

11.9 

386 

11.9 

222 

7.2 

5.9 

3.5 

-46.7° C. 

27.4 

10.0 

.86 

1.2 

1.32 

11.9 

387 

1 

12.2 

226 

9.2 

6.1 

7.0 


* Wore herringbone twill uniform. 


TABLE in 


Temperatures (° C.) and heart rale of 5 subjects dressed in arctic clothing going into recorded temperatures 
arid immediately starting to walk on the treadmill at 3.0 M.P.H. at a 3.3 per cent grade 


Environmental 

temperature 

Rectal temperature 

Mean skin temperature 

Toe temperature 

Heart rate 

per min. 

Before 

After 

A 

Before 

After 

B 

Before 

After 

A 

Range 

Average 

Basal* 4-24.0'’ C. 

37.3 

37.9 

0.6 



B 




85-110 

103 

- 3.3'’ C. 

37.2 

37.8 

0.6 

33.1 

33.7 

0.6 

21.6 

34.7 

13.1 

102-118 


-16.1° C. 

36.8 

37.5 

0.7 

31.5 

33.4 

1.9 

22.8 

33.9 

11.1 

102-105 


-20.4° C. 

37.2 

37.9 

0.7 

32.5 

31.1 

-1.4 

26.9 

32.6 

5.7 

81-102 


-24.8° C. 

37.3 

38.1 

0.8 

33.5 

30.0 

-3.5 

30.5 

32.8 

2.3 

82-114 


-27.2° C. 

37.3 

37.7 

0.4 

33.0 

32.2 

-0.8 

26.7 

34.4 

7.7 

88-110 


-31.0° C. 

37.1 

37.7- 

0.6 

33.0 

31.2 

-1.8 

26.1 

31.1 

5.0 

78-118 

HB 

-37.2° C. 

37.2 

38.0 

0.8 

32.9 

31.4 

-1.5 

28.8 

33.3 

4.5 

1 72-126 


-46.7° C. 

37.2 

38.2 

1 

1.0 

33.2 

29.4 

-3.8 

21.7 

1 

30.7 

9.0 

100-110 

B 


Wore herringbone twill uniform. 
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the additional clothing worn, since the weight of 
the herringbone twill uniforms was the same at 
24° C. as at the lower temperatures. For some in- 
explicable reason the highest values were always 
obtained at the envinronmental temperature of — 
27.2° C. ' The smallest increase in caloric output 
was observed in the least cold environment, — 
3.3° C. ; in fact, when the herringbone twill uni- 
form was worn, no differences from the control 
values were noted. However, in environmental 
temperatures above this, the increases were rough- 
ly similar for both garment assemblies. Cold ap- 
peared to provide a small but definite stimulus to 
the metabolic processes. 

The average oxygen consumption of all the sub- 
jects at the different environmental temperatures 
is plotted in Figure 1, and, in Figure 2, a smiliar 
plot is presented for subject JO. These latter 
data, unfortunately not for every ambient temper- 
ature, are presented because his oj^gen consump- 
tion at 24° C. was the same as the average for 
the group. Furthermore, JO, showed the greatest 
change of the five men at the ambient temperature 
of - 3.3° C. 


The ventilation rate was also raised but in ap- 
proximately the same proportion as the ox}'gen 
consumption. The frequency of breathing was 
not increased, the larger ventilation being compen- 
sated by adjustment in depth of respiration. Bar- 
croft and Verzar (3) noted some irregular gasp- 
ing in the breathing pattern of their subjects 
exposed to low temperatures, but no abnormalities 
were noted in this study, even at the lowest en- 
vironmental temperature, — 46.7° C. The respira- 
tory quotient exhibited no consistent change, be- 
ing higher at some environments, lower at others, 
and the same as the control (24° C.) in the re- 
mainder. 

The heart rate during work showed no sig- 
nificant changes with varying ambient tempera- 
tures, and the amount of clothing worn made no 
significant difference. 

The changes in skin and rectal temperatures 
were quite different with the two types of clothing 
w'orn and will be discussed separately in the fol- 
lowing sections. 

Arctic clothing. This clothing combination has 
an insulative value between 4 and 5 Clo. and was 



I. OxYOEK CoSSUMETIOX OF FuT (5) SUBJECTS DeESSEO IK .■\fcT!C ClPTIII 
• tiu. AT 3.0 M.P.H. .\Kn A 3.3 Per Cent Ge.^pe Duf.ikc TiiEir. Fipst Hour or 
Tr.MrERATURXS 


::r, akd Walkiko 
Exi-oFurr. to the 


OK TfE^r- 
!Kr:c.’.Tro 
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EXPOSURE TEMP.«*C 

Fig. 2. Oxygen Consumption of One Subject (JO.) Dressed in Arctic Clothing and Walking on Tread- 
mill AT 3.0 M.P.H. AND A 3.3 Per Cent Grade During His First Hour of Exposure to the Indicated 
Temperatures 


worn completely buttoned during the walk. It 
was thought that the increased energy expendi- 
ture might be due to the weight of this outfit, 10 
kilograms, but subsequent experiments with the 
herringbone twill issue and one experiment on a 
subject completely nude except for socks and 
shoes at — 20.4° C. indicated that the higher 
caloric output was primarily due to the stimulus 
of the low ambient temperature. Rectal tem- 
peratures were elevated to the same degree in 
normal and very cold environments. Only at 
— 46.7° C. was the increase significantly higher, 
0.4° C. above the control, which was probably re- 
lated to the greater vasoconstriction occurring at 
this low ambient temperature. Toe temperatures 
rose in all cases (Figure 3 and Table III), but 
the increases were somewhat erratic due to the 
variations in initial toe temperatures. Again the 
final level was approximately the same at all en- 
vironments except at — 47.7° C. — a finding which 


bears out the suggestion of a more generalized 
vasoconstriction at this ambient temperature. 

The explanation dor finding higher final toe 
temperatures than mean. skin temperatures is not 
available. It may have been due to a vasodilation 
being present in the extremities or to local friction 
effects. When subjects walk in hot environments, 
toe and foot temperatures as high as 3° to 5° C. 
above mean skin temperatures are frequently ob- 
served and could be explained as a consequence of 
friction. 

The initial mean skin temperatures were quite 
constant. In the two least severe environments, 
final mean skin temperatures showed an actual 
increase, but beginning with — 20.4° C. decreases 
were always observed. The lowest value was 
found at the lowest ambient temperature. Storage 
values, calculated according to Burton’s (4) for- 
mula, followed a pattern similar to the changes 
in mean skin temperatures primarily because the 



A MEAN SKIN TEMP.'C TOE TEMP. *0 
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Data arc the average of five sulijects. 
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Mean values for heat debts * incurred during work 


Heal debt in cal. per M*. per hr. 


Uniform j 

Al 

Al 

At 

At 

At 

At 


At 

1 

-3.3’ C. 

-16.1‘C. 

-20.4* C. 

-2I.8*C. 

-27.2* C. 

-3 1.0* C. 


-46.7’C. 

Arctic 

-18.5 

-34.1 

0.0 

19.9 

0.0 

6.2 

-I.O 

18.6 

Herringbone twill 

4.0 

35.4 



’ 

75.5 

— 

100.2 

i 80.0 


* A negative value iiulicatcs that heat was stored. 


rectal temperature exhibited so little change from 
one environment to another. 

Herringbone Tivill. This clothing assembly 
weighs approximately 4 kilograms and has an iti- 
sulative value between 1 and 2 Clo. There was 
no change in average caloric output at — 3.3° C. 
compared to the control environment of 24° C. 
(Table IV). However, as the environmental 
temperature decreased the energj' expenditure in- 
creased, showing a maximum rise of 12 per cent 
at an ambient of — 46.7° C. The stimulative ef- 
fect of cold was also reflected in the greater losses 
of body heat (see Table above). No appreciable 


debt was incurred at — 3.3° C.. but at — 37.2° C., 
a debt of 100 cal. per M-, was noted. There 
apj)eared to be a positive correlation between 
heat debt and ambient temperature at least up 
to ~ 37.2° C. Tliese data on storage arc re- 
flections of tlie inability of the subjects to raise 
their rectal and mean skin temperatures despite 
the production of almost 400 calories per hour 
(Table V). The toe temperatures were increased 
only at — 3.3° C. At all other environments the 
toe temperatures fell despite the exercise (Figure 
3), the final values being lower the colder the 
environment. 


TABLE IV 


Metabolic observations on 5 men dressed in herringbone twill coveralls icalking on a treadmill at 3.0 M.P.H. 
and a 3.3 per cent grade during their first hour of exposure to the described environmental temperatures 


Environmental 

temperature 

Ventilation 

i 

Respirator}’ 

quotient 

1 

0.xygcn 

consumption 

Heat production 

' 

/. Per 
min. 

A 

fier cent 

1 

A 

per cent 

/- per 
min. 

A 

per cent 

1 

cal. per 
hr. 

A 

per cent 

cal. per 
M’-. per 
hr. 

A 

per cent 

cal. per 
kgm. per 
hr. j 

A 

per cent 

Basal +24.0° C. 

24.9 


.85 


1.18 


345 


207 


5.7 


- 3.3° C. 

25.8 

3.6 

.88 

3.0 

1.18 

0.0 

346 

0.3 

202 

-2.4 

5.4 

-5.3 

-16.1° C. 

26.9 

8.0 1 

.89 

4.7 

1.29 

9.3 

379 

9.8 

224 

8.2 

5.9 

3.5 

■ -27.2° C. 

25.2 

1.2 

.83 

-2.4 

1.27 

7.6 

361 

4.6 

219 

5.8 

6.0 

5.3 

-37.2° C. 

27.2 

9.2 

.87 

2.4 

1.29 

9.3 

377 

9.3 

223 

7.7 

6.0 

5.3 

-46.7° C. 

26.8 

7.6 

.86 

1.2 

1.32 

11.9 

388 

12.5 

227 

9.7 

6.1 

' 7.0 


TABLE V 

Temperatures (° C.) and heart rale of 5 subjects dressed in herringbone twill coveralls going into recorded 
temperatures walking on treadmill at 3.0 M.P.H. and at 3.3 per cent grade during their first hour 
of exposure to the described envirotimenlal temperatures 


Environ- 

Rectal temperature 

Mean skin temperature 

Toe temperature 

Heart rate per min. 

mental 












tempera- 




Before 

After 







tures 

Before 

After 

A 

A 

Before 

After 

A 

Range 

Average 

°C. 

- 3.3 

37.2 

37.9 

0.7 

32.8 

31.0 

- 1.8 

26.5 

34.4 

7.9 

93-114 

104 

-16.1 

37.6 

38.1 


33.6 

29.2 

- 4.4 

32.8 

32'.5 

-0.3 

88-114 

104 

-27.2 

37.5 

38.1 

0.6 

34.0 

25.9 

- 8.1 

33.6 

27.7 

-5.9 

82-116 

99 

-37.2 

37.6 

37.9 

0.3 

34.0 

24.0 

-10.0 

31.0 

24.4 

-6.6 

■nsiia 

109 

-46.7 

37.6 

37.8 

0.2 

33.2 

25.1 

- 8.1 

30.7 

23.5 

-7.2 

88-116 

104 
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DISCUSSION 

There is no evidence that man is seriously handi- 
capped in his ability to work in cold environments. 
As suggested by the increased energy expenditure 
for the same work output, the net efficiency for 
grade walking by these subjects was slightly re- 
duced by the cold. However, additional work 
loads must be studied before a final statement re- 
garding changes in efficiency of performance can 
be made. Adolph and Molnar (5) stated that 
"when the air was too cold, extra heat was pro- 
duced above that which was a by-product of the 
work." The caloric output of their subjects at 
an environmental temperature of 37° to 39° F. 
was 299 cal. per M.- per hr. in contrast to 190 at 
an ambient temperature of 40° to 4d° F. Such 
a degree of stimulation was not observed in our 
very lightly clothed subjects at environmental 
temperatures of —46.7° C. (— 52.1° F.). Their 
subjects sometimes shivered while working — ^an 
observation never noted in this study. The sub- 
jects in this study never felt more than slightly 
chilly and in general were fairly comfortable. 

In the group of experiments at — 20.4° and 
— 37.2° C., during which men walked for periods 
up to 3 hours, no additional changes were ob- 
served above those recorded for the 1-hour tests. 
Caloric expenditures appeared to decrease slightly, 
rectal temperatures rose approximately 0.1° C. 
per hour, and the mean skin temperatures were 
similar to those obtained at the end of the first 
hour. A balance in the heat exchange appeared 
to have been reached. 

Heart rates were not significantly different at 
normally comfortable and extremely cold environ- 
ments regardless of the amount of clothing worn. 
Previous reports (5)- have suggested some cor- 
relation between the pulse rates of working men 
and lowered environmental temperatures. The 
differences between the results of this study and 
tliat of Adolph and Molnar (5) might be ex- 
plained on the basis of clothing, since their sub- 
jects were nearlj’ nude, but a disparity in clothing 
insulation of 2 Clo. would not be likeh' to compen- 
sate for a temperature differential of nearly 90° F. 
However, the effects of cold on sensoiy phe- 
nomena and cold tolerance may be greatly in- 
fluenced by clothing and so affect the physiological 


measurements under consideration. Additional 
studies are clearly. needed. 

The major differences observed in the responses 
of the lightly and heavily clothed working sub- 
jects were in their rectal and skin temperatures. 
The rectal temperature rise in the cold was main- 
tained at the same or even slightly higher level 
in working men wearing arctic suits as in a com- 
fortable environment. Lightly dressed subjects 
had difficulty in reaching or maintaining this level 
except in the least cold ambient temperature. The 
colder the environment, the smaller was the eleva- 
tion of the rectal temperature. The mean skin 
temperature exhibited a similar pattern in that 
large decreases \vere observed for the lightly 
clothed individuals with relatively small falls or 
actual increases for the heavily clothed. 

In Figure 4, are plotted the data obtained on 
the mean skin and toe temperatures of a subject 
during one of these work peribds at three of the 
lowest environmental temperatures employed. 
These changes in mean skin temperature with the 
wearing of the two clothing issues are typical. The 
major portion of the decrease occurred during 
the first 10 minutes of work and was maintained 
at a relatively constant level thereafter. There- 
fore, the major portion of the heat debt accumu- 
lated by the body occurred not only in a short 
period of time but also relativety early in the 
exposure. Measurements of the caloric expendi- 
ture of the subjects during these first 10 minutes 
indicated that the rate was the same then as during 
later portions of the work period. A similar type 
of response was noted in sitting subjects (1) 
where the greatest body heat loss also took place 
in the first phase of the e.xposure. This initial 
contribution appeared to be of vital importance 
in maintaining the working balance of heat c.x- 
changes in men exposed to low temperature. The 
significance of rapid loss of body heat in the regu- 
lation of body temperature was not evident from 
these studies. 

The toe temperatures of the same subject (Fig- 
ure 4) are interesting in that they not only shov.-cd 
the general pattern of response, but they reached 
the lowest level attained by any of the subjects 
during work. When the arctic unifornr was l>eing 
worn, an initial fall was noted which in nlntost 
every case then proceeded to rise, reaching stable 
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levels within a half hour after the beginning of the The general beneficial cfifccts of greater total in- 
work period. This was not true when the lighter sulation arc obvious from these data, 

clothing assembly was worn, under which con- The caloric expenditure for a given amount of 
dition the toe temperature continued to go down work was slightly greater in the cold regardless 

after an initial fall. The rate of decrease dimin- of the degree of insulation provided by the cloth- 

ished considerably as the e.xpcriment continued, ing. The difTcrcncc in the weights of the two 



o 10 ZO 30 40 50 60 O 10 20 30 40 50 60 

TIME-MINUTES arctic clothing TIME-MINUTES 

HERRINGBONE TWILL 


Fig. 4. Comparison of the Rate and Degree of Change of Mean Skin and Toe Temperatures in a Sub- 
ject During a 1-Hour Walk Dressed in Either a Full Arctic Uniform or a Pair of Herringbone Twill 
Coveralls 
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garment assemblies resulted in only minor varia- 
tions in the extent of the stimulation to metabolic 
processes. The diminution of mechanical effi- 
ciency in these subjects was of small magnitude. 
It might be explained as being due to the increased 
cost of respiratory effort, increased viscosity of 
cold muscles, or any number of small factors that 
inhibit the development of .maximum skill and 
ease of work performance. 

Men dressed in the arctic uniform can strike a 
balance of heat exchange while working at a 
caloric expenditure of around 350 calories per 
hour in ambient temperatures as low as — 46.7° C. 
However, this is only a partial answer to the 
adequacy of this type of clothing, since the ac- 
cumulation of perspiration in the fabrics will alter 
a man’s ability to maintain a balanced heat ex- 
change, especially when he stops work. With 
very light dress, heat balances lare not so readily 
attained at very low ambient temperatures. The 
degree of stress may be roughly estimated from 
the heat debt accrued. Caution in the use of these 
figures must be exercised, since the calculation of 
heat debt as presently performed may not be valid 
in cold environments. 

No evidences of acclimatization to cold were 
found in this study. The intermittent nature of 
the exposures and the relatively short periods of 
time spent in the cold probably prevented the de- 
velopment of any such effect. 

SUMMARY 

1. Five subjects, wearing light and heavy cloth- 
ing, walked at a standard rate of speed and grade 
of climb on a motor-driven treadmill in comfort- 
able and verj' cold environments. 

2. The energy expenditure for the standard 
work was increased by some 10 per cent in the 
lower ambient temperatures. This stimulation 


appeared to be independent of the amount of 
clothing worn. Ability to work was not signifi- 
cantly impaired even at ambient temperatures as 
low as —46.7° C., although there was a slight 
diminution of mechanical efficiency at certain of 
the environments. 

3. The loss of body heat was greater with a-light 
weight clothing and the magnitude of the loss ap- 
peared to be directly related to the ambient tem- 
perature. Heat debts ivere less but quite variable 
when heavy clothing was worn. In all cases, the 
heat debts were accumulated in the early portion 
of exposure to the cold environment. 
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Complaints of the circulatory symptoms of 
])alpitation, tachycardia out of proportion to ex- 
ertion, postural vertigo, and dyspnea are frequent 
among convalescents as a group. The present 
study was undertaken to determine if the com- 
monly employed methods of evaluating circulation 
could be used in the prognostic classification of 
convalescents, and if such methods would indi- 
cate underlying physiological disturbances suscep- 
tible to modification with an ultimate shortening 
of the recovery period. 

MATERIAL AND PROCEDURES 

Tlie 20 male subjects studied were civilians of military 
age who had had acute infectious diseases or surgical 
operations from which recovery was c.xpected within a 
reasonable period of time. The purpose and general na- 
ture of the procedures were explained to the patients who 
volunteered to cooperate, although some were not too 
enthusiastic. Studies were begun within a few days of 
the subsidence of obvious manifestations of illness, such 
as tachycardia and fever, and at the time when clinical 
judgment indicated that convalescence had indeed begun. 
A number of these patients returned for follow up study 
upon regaining their usual good health. Fourteen of these 
follow up studies were satisfactory. 

Difficulties were encountered in choosing and setting up 
a scries of tests of circulatory function in convalescents. 
The earlier procedures, requiring several hours for com- 
pletion, were too rigorous as evidenced by manifestations 
of severe malaise, nausea, vomiting, diarrhea, or headache. 
Patients complained bitterly upon their return to the ward 
and vowed not to participate further in the studies. How- 
ever, as these individuals had no fever or clinical signs of 
toxic reaction to the chemicals employed in various tech- 

iThe work described in this paper was done under a 
contract, recommended by the Committee on Medical Re- 
search, between the Office of Scientific Research and De- 
velopment and Vanderbilt University. 

2 This work was done in the Lung Station of the De- 
partment of Medicine, a laboratory organized under a 
grant from the Commonwealth Fund, and some of the 
equipment used was available through a grant by the Ciba 
Pharmaceutical Products, Inc.^ 


nic.s, the same niaterial.s were ti.scd in suhsctiucnt and less 
rigorous schedules of tests. W'hen tiie procedures were 
too long or caused discomfort the patients became rest- 
less and uncooperative before the end of the period of ob- 
servation. 

Since such stress did not seem advisable in early con- 
valescence, and the results were invalidated by it, the 
schedule was modified to levels of exertion well tolerated 
by the patients who then remained cooperative through- 
out the period of study. Tlie earlier results, obtained 
when the patients reacted unfavorably during or following 
the scries of tests, were discarded because we are skeptical 
of the value of sueh tests under any but basal conditions 
or those of accurately measured and reproducible stress. 
Changes in circulation resulting from the rigors of the 
earlier studies were not further investigated. 

The scries of observations finally adopted for use re- 
quired about IE hours to complete and included ballisto- 
cardiographic records, pulse and respiratory rate, arterial 
blood pressure, oxygen consumption, blood volume, venous 
pressure, hematocrit, circulation time, weight, height, 
electrocardiogram, and a telcrocntgcngram of the chest. 

The general nature of the procedure was explained to 
the patient, who cooperated purely upon a volunteer basis. 
Instructions were given to keep the patient in bed on the 
morning of the test, not to disturb him for routine care, 
and to delay the morning meal. He was brought to the 
laboratory upon a rolling stretcher, usually about 6:30 or 
7:00 A.M. Here he was transferred to the ballistocardio- 
graph bed (1) and allowed to rest undisturbed for E 
hour. The ballistocardiographic deflections were then 
photographed. Following this, the pulse and respiration 
rate were recorded and the arterial blood pressure de- 
termined with a mercurial manometer. Then, by using 
a Benedict-Roth closed breathing circuit, a respiratory 
tracing over a 7-minute period Avas obtained in duplicate. 

The blood volume was estimated by the method of 
Gibson and Evans (2). Four samples of blood were 
delivered into Gibson tubes containing 20 volumes per 
cent of isotonic potassium oxalate for hematocrit values. 
Samples of serum were reserved for determination of 
total protein by the copper sulphate specific gravity 
method (3). During the blood volume determination, 
the venous pressure was measured directly with a saline 
manometer referred to a point 6 cm. below the angle of 
Louis with the patient supine (4). After completion of 
the blood volume determination, the blood velocity was 


320 



CIRCULATORY DYNAMICS IN BASAL STATE 


321 


measured using Macasol ^ bj' the method of Spier, Wright, 
and Saylor (S).‘ An electrocardiogram was taken. The 
patient was then weighed, measured, and transferred by 
roller stretcher to the X-ray room where a 6-foot film 
was obtained with the patient erect, either sitting or 
standing. 

The ballistocardiograph employed in this study has 
been described elsewhere (6) and had physical properties 
essentially identical with the instrument of Starr and as- 
sociates (1). The cardiac output was calculated by the 
area formula (1), modified slightly for the method of 
standardization employed by the authors. The cardiac 
output per minute per pound of body weight was com- 
pared with Starr’s normal standard (7). Starr’s normal 
data were recalculated in terms of cardiac output per 
calory of predicted basal metabolic rate, with slight im- 
provement in deviations for sex and age, and our findings 
• compared with their recalculated standards. 

Heat production was calculated in the usual way from 
o.xygen consumption and compared with predicted values 
from the Aub-DuBois standard '(8). The difference was 
expressed as a percentage of normal as the usual basal 
metabolic rate. 

Ventilation per minute was determined by integrating 
the respiratory tracing, and the utilization coefficient of 
Herbst (9) was derived from this and from the oxygen 
consumption, e.\pressed as milliliters of oxygen consumed 
per liter ventilated. 

Plasma volumes were calculated from curves of blue 
ye disappearance, and the total blood volume and cell 
volume were derived by the use of the hematocrit ratio 
from antecubital venous blood. Blood volumes were com- 
pared with the standards of Gibson and Evans (10) 
basing the prediction upon the height of the patient 
The transverse diameter of the heart was measured 
in the teleroentgengram as was the internal diameter of 
the chest at the level of the fourth costochondral junction. 
In our experience this latter measure is less subject to 
irrelevant variation than the usual measure made at a 
lower level in the rib skirt. The ratio of the heart diam- 
eter to the internal diameter of the chest was then calcu- 
lated. 

RESULTS 

Data from various tests are given in Table I, 
including the mean values and standard deviations 
of the obsen^ations made during early convales- 
cence, and the mean difterences between these 
niitial values and those following recoverj". The 
mean values of the initial studies do not deviate 
from commonly accepted nonnal standards, with 
die exception of blood velocit}'. Whether this 
latter difference is real is discussed below. 

There was no unifonnity in the changes in sys- 
tolic and diastolic blood pressure or in the pulse 

Supplied through the courtesv of the Xepera Oiemical 
Co., Yonkers. York. 


TABLE I 


Mean values of observations of convalescent male civilians of 
military age and the mean difference upon recovery 



No. 

of 

cases 

Initial 
mean and 
standard 
deviation 

No. 

of 

cases 

Mean 

differ- 

ence 

upon 

recovery* 

Weight, kgm. 

20 

62.25 i 9.80 

14 

+ 3.60* 

Respiratory rate per min. 

19 

16.50 =fc 2.80 

13 

- 1.80 

Blo^ pressure, mm. Hg 





Systolic 

20 

1 12.80 i 7.80 

14 

-f 5.80 

Diastolic 

20 

70.40 9.90 

14 

-r 0.60 

Av. systolic and diastolic 

20 

91.60=b 9J0 

14 

-k 3.20 

Venous pressure, mm. saline 

20 

71.60 i26.10 

14 

-{-24.60* 

Circulation time, sec. 





Arm to tongue 

20 

19.10= 4.20 

12 

- 0.40 

Arm to hand 

19 

27.90— 7.10 

12 

— 0.30 

Arm to perineum 

19 

30.10i 9.20 

10 

- 0.70 

Arm to foot 

11 

39.50 il 1.70 



Cardiac output 





Per stroke, ml. 

17 

48.60 -i-1 1.30 

9 

- 0.80 

Per min.. liters 

17 

3.41-i- 0.57 

9 

- 0.29 

Per lb. per min., ml. 

17 

24.20 4.40 

9 

— 3.50 

Per min. per cal.'T>redicted 

17 

47.60-^ 8.40 

9 

- 5,10 

B.M.R.. ml. 





Per min. per cal. observed 

13 

48.-40-^ 7.10 

7 

— 0.20 

B.M.R.. ml. 





B.M.R., per cent 

17 

-2.90-^ 9.50 

10 

— 3.10 

Utilization coefficient 

17 

39.30-^ 7.60 

9 

-f- OJO 

Ventilation, liters 

17 

5.90 0.90 

9 

-r 0.10 

Tidal air, ml. 

17 

443 .00 i 1 23 .00 

9 

4-2 1.20 

Heart size, transverse 

19 

12.40-^ iJO 

12 

-f- 0.40 

diameter, cm. 





Hematocrit x'alue, vol, per cent 

20 

43.60-^ 5.60 

14 

+ 1.70 

Blood volume, liters 

20 

5J5-^ 0.63 

13 

*f 0.46** 

Plasma volume, liters 

20 

2.93 -r- 0J2 

13 

4- 0.19* 

Cell volume, liters 

20 

2J7± 0.49 

13 

+ 0.28» 

Plasma total protein, grams 

19 

6.70± 0.60 

12 

-i- 0.20 

per cent 





Circulating plasma total protein 

19 

199.10*26.00 

12 

-i-10.20 


* Changes considered significant. 


pressure recorded in early convalescence and re- 
cover>', since about half of the group showed an 
increase, the remainder a decrease in pressure. 

From Table I, it is apparent that the blood ve- 
locity was the same in convalescence and health. 
The data from arm-to-foot determinations follow- 
ing recovery' were too few to be included. 

The values for the mean cardiac output per 
minute per pound of body weight in convalescence 
compare favorably with Starr’s (7) figure of 23 
ml. per minute per pound as the normal mean. 
The mean decrease of 3.5 ml. per minute per 
pound after recovery was due to the increase in 
body weight rather than to the small decrease in 
minute volume. 

.A correlation of the cardiac output per minute 
with the predicted and observed basal metabolic 
rate in the recovery and convalescent states was 
fruitless. Recalculation of Starr’s data for normal 
subjects showed the mean normal value for cardiac 
output per minute per calory of t’r.e predicted 
B.M.R. to be 50 ml., with a range of AO to 60 ml.. 
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corresponding to Starr’s range of lS-29 ml. per 
minute per pound of body weight. 

From the data obtained in tlicse studies it can- 
not be said that the basal metabolic rate is useful 
as a criterion for convalescence. In central Ten- 
nessee, where all of these studies were made, 
general experience indicates that a mean basal 
value of minus 5 per cent by the Aub-DuBois 
standard may be regarded as normal ; farther 
south, in New Orleans, the figure is minus 10 
per cent (11). 

As might be inferred from the data on ventUa- 
tion and the basal metabolic rate, the relation be- 
tween ventilation and the oxygen consumption 
expressed by Herbst’s coefficient (9) was neither 
abnormal initially nor was it significantly altered 
subsequently. The mean coefficient was 39.3 dz 

% DEVIATION OBSERVED DURING CONVALESCENCE 
REFERRED TO RECOVERY VALUE AS ZERO 

WEIGHT TOTAL PLASMA CELL HEMATOCRIT VENOUS 


BLOOO VOL VOL VOL. PRESSURE 



TADLi; ir 

lilood volume studies, blue dye method, of adult males 



No. 

of 

Initial 

observa- 

tiou'i: 

mean 

Mean 

tlilTcrence 

1st nnd 

2n(l obs. 

House officers, normal males (1.1) 

5 

S.$7 liters 

+0.006 liter 

Convalescents 

20 

5.35 liters 

-f-0.‘t61 liter* 

Glbson'.s normal males (10) 

■S') 

5.3 1 liters 


* Tliis rcnrciicnts the mc.in iticrc.n.'ic .nftcr recover}- in the 
c.nse av.'iil.ible for .i .‘^cconcl ob.'^cn-.Ttion. 

The (Int.-x on the 5 fiousc officer.^ stuclicci on 2 occ.vsions 
months np.nrt are incluciccl to show that there is little devi.i- 
tion attribufnbic to the metho<l in the sttuiv of a Rroup. 
The mean clifTcrence of 0.461 liter between the blood vol- 
umes observed in convale.sccncc and in the same cases 
after recover}- is contr.nsted to the lack of difTercnce in the 
5 normal males restudied. 

7.6 ml. of oxygen consumed per liter ventilated. 
After recovery there was a mean increase of 0.31 
ml. The normal mean obtained by Hurtado and 
Boiler (12) who used tlie same procedure was 
37.5 ml. oxygen ])er liter ventilated, with a co- 
efficient of variation of dz 27 per cent. The mean 
increase of 0.37 cm. in the transverse diameter of 
the heart cannot be regarded as significant. 

From the data it was obvious that weight differ- 
ences between a patient’s reported normal and 
his observed weight in early convalescence could 
not be relied upon as a criterion of convalescence. 
This is illustrated by a discrepancy between the 
weight loss reported and the weight regained by 
the individuals followed to recovery. While the 
patients appeared to have lost an average of 6.11 
kgm., to judge from the difference between the 
patient’s estimate of his usual weight and his ac- 
tual weight during convalescence, yet upon return 
to usual health, the weight regained averaged only 
3.59 kgm. (Table I and Figure 1). 

Table II contains data on blood volume obtained 
from: (a) 5 house officers among whom there was 
no reason to consider a physical or medical change 
in status during the 6-month interval elapsing 
between the 2 determinations (13), (b) our con- 
valescent and recovered groups or subjects, and 
(c) Gibson’s mean of blood volumes in 49 normal 
males (10). The blue dye method of Gibson (2) 
was used in all of these studies. Man}”- of the 
normal values included in Gibson’s study were 
obtained from hospital-bed patients, which might 
explain the difference between his average total 
blood volume in males, 5.35 liters, and the aver- 



CIRCULATORY DYNAMICS IN BASAL STATE 


323 . 


age blood volume, 5.76 liters, in our group of re- 
covered ambulatory subjects. 

The increase in total volume of the blood was 
due to both plasma and cell increases, the latter 
change predominating in patients frankly anemic 
in the early convalescent state, the former in 
those with high hematocrit values in convalescence 
(Table I and Figure 1). 

The venous pressure was significantly increased 
after recovery in most subjects ; it was unchanged 
in one, and decreased 8 mm. saline in another, 
the mean increase being 24.6 mm. saline, the 
greatest, 73 mm. saline, representing a mean in- 
crease of 35 per cent (Figure 1 and Table I). 

The electrocardiograms were within normal 
limits in convalescents and following recovery 
there was no significant change. Plasma total 
protein and circulating plasma total protein 
showed no significant change. 

DISCUSSION 

It is at once evident that the circulation at rest 
during early convalescence deviates only slightly 
from normal. The 2 particulars in which devia- 
tions were found were blood volume and venous 
pressure. To these might be added body weight, 
for some part of the weight deficit appears to 
be interstitial water (14). 

The deficit in blood volume is of the same order 
of magnitude as that found by Keys and his asso- 
ciates (IS) and by Barr and his associates (16) 
in normal men at bed rest, and by Rutstein (14) 
in convalescence from pneumonia. Loss of about 
yi kgm. of body weight and about 100 grams of 
protein may be accounted for by the observed 
deficit in blood volume. 

The question arises as to whether these blood 
volume changes are real, Cruickshank’s (17) 
reiteration of Smith’s (18) observation that some 
unknown fraction of the administered dye is taken 
up by the reticulo-endothelial system immediately 
is a Nfalid criticism of the method. The discrep- 
ancy between venous and general body hematocrit 
values (19) is another. Although there is no 
Cl idence that errors in the blood volume are con- 
sistent on dittcrent occasions when the patient 
IS in different clinical states, yet it is to be hoped 
this is the case so that changes obscived in a 
patient from time to time may be real even though 


the absolute values are incorrect. The repro- 
ducibility of results obtained by the method of 
Gibson and Evans (2) may be seen in ±he normal 
house officers (Table II) who were studied at 
different times of the year. 

The rise in venous pressure upon recovery is 
not explained. It was not related to changes in 
cardiac output, to blood volume, nor to any other 
measurement we made. 

It is interesting to compare our findings with 
those of Lyons and his associates (20) who have 
recently reported extremely interesting observa- 
tions on normal individuals who underwent diu- 
resis with ammonium chloride and mercupurin. 
There was a loss in body weight of a little over 
3)4 kgm. associated with a fall in plasma volume 
slightly over 700 ml. Much of the diminution 
in body weight was aparently due to diminution 
of interstitial water. His subjects exhibited symp- 
toms “suggestive of an inadequate circulation . . , 
they complained of weakness, prostration, fatigue, 
and some felt so faint attempting to stand that they 
chose to remain in bed.” The striking similarity 
of these symptoms to symptoms experienced by 
patients during early convalescence is obvious, 
and possibly the mechanism of production of these 
manifestations is closely related in the 2 cases. 

The values obtained for circulation time seemed 
long to us. However, as patients returned for 
follow up without change, we were compelled to 
reinvestigate the normal standards for this method 
in our hands. Forty-six normal men in the basal 
state formed the material for this review and the 
results are to be published elsewhere (21). Suffice 
it to say there %vas po significant difference be- 
tween the blood velocity in these normals and 
that found in our early convalescents. 

SUMMARY 

1. The following measurements were made upon 
a group of basal convalescent male patients who 
had undergone infectious disease or surgical oper- 
ation: height, weight, pulse, respiration, arterial 
and venous blood pressure, blood velocity from 
arm to tongue, hand, perineum and feet, cardiac 
output, cardio-thoracic ratio, o.vygen consumption, 
basal metabolic rate, ventilation, tidal air, utili- 
zation coefficient, hematocrit \aluc, total blcxxl 
volume, plasma volume and cell volume, plasma 
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total protein, circulating plasma total protein, and 
an electrocardiogram. None of these observations 
indicated any characteristic abnormality of the cir- 
culation when the results were compared with 
currently accepted normal standards : so none of 
these tests is of any use as a routine procedure 
for the clinical classification of convalc.sccncc. 

2. Follow up studies revealed small but sig- 
nificant alterations which could he detected only 
by comparing the individual with himself as a con- 
trol. These differences were : a deficit in bod)' 
weight of 3.6 kgm., a deficit during early con- 
valescence of approximately J/j liter of blood vol- 
ume, and a deficit of 3.‘i per cent of the patient’s 
usual venous pressure. 
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During a program of mass chemoprophylaxis 
of streptococcal infections in the Armed Forces 
(1), it was noted that the effectiveness of such 
a regimen was lost with .the appearance of sul- 
fonamide-resistant strains of hemolytic strepto- 
cocci. The occurrence and spread of these re- 
sistant strains in susceptible populations in the 
U. S. Army and Navy have been reported (2, 3, 
4), and have been the subject of considerable spec- 
ulation and theoretical implications. To date there 
have been no reports as to the incidence of strep- 
tococcal epidemics in the civilian population due 
to sulfonamide-resistant strains. It is the purpose 
of this paper to report the occurrence of such an 
epidemic in a civilian community due to a sulfa- 
diazine-resistant group A, type 19 hemolytic 
streptococcus, 

METHODS OF STUDY 

Early in 1946 a small epidemic of scarlet fever occurred 
in Cooperstown, New York. Since the first 8 patients 
with scarlet fever were found to harbor type 19 hemolytic 
streptococci in their nasopharynges, it was decided to 
determine whether we were dealing with sulfonamide- 
resistant strains. All 8 strains of hemolytic streptococci 
were found to be resistant to the action of sodium sulfa- 
diazine in a concentration of 25 mgm. per cent. 

Because of the unique opportunity to study the incidence 
of sulfonamide-resistant hemolytic streptococci in a small 
community, it was decided to test the sulfonamide sensitiv- 
ity of all hemolytic streptococcus cultures sent to the 
laboratory in this area. Cultures were obtained from 
patients, living in Cooperstown, New York, and the sur- 

' Assisted in part by a contract between The Rocke- 
feller Institute for Medical Research and the Commission 
on HcmoI>-tic Streptococcal Infections, Board for the 
Investigation and Control of Influenza and Other Epi- 
demic Diseases in the Army, Preventive Medicine Serv- 
ice. Office of the Surgeon General, United Slates Army. 

- This article has been released for publication by the 
Ditision of Publications of the Bureau of Medicine and 
Surgery of the U. S. Navy. The opinions and views set 
forth in this article Xrc those of the writers and arc not 
to l)e considered as reflecting the policies of the Naw 
Department. 


rounding area of Otsego County, who were suspected of 
having streptococcal infections. Records were kept as to 
the source of the cultures and the clinical diagnosis. No 
attempt was made to do a widespread survey on a healthy 
group to determine carrier rates. 

All culture swabs were sent to the Otsego County Lab- 
oratory at the Mary Imogene Bassett Hospital or to a 
nearby branch laboratory. The swabs were streaked 
on 5 per cent rabbit blood agar which tvas incubated for 
24 hours at 37° C. Single colonies of beta hemolytic 
streptococci were transferred to Avery's media on the fol- 
lowing day and incubated for 6 hours. A loopful of 
this growth was then streaked to a blood agar plate, 
checked for purity, and the group determined. The group 
A hemolytic streptococci isolated were grouped and 
typed at the Rockefeller Institute Hospital by the pre- 
cipitin technique (5), and the sulfonamide sensitivity was 
determined by the method of Wilson (6). 

EPIDEMIOLOGICAL SITUATION AND RESULTS 

From February 15 to May 1, 1946, streptococcal 
infections were moderately prevalent in Coopers- 
town, New York. During this period 100 patients 
with varied group A hemolytic streptococcal in- 

TABLE I 


Type distribution and sulfadiazine resistance of 
group A hemolytic streptococci 


Infecting tJTJC 

No. of cases 

No. of sulfadiazine- 
resistant strains 

1 

1 

1 


2 

2 



3 

28 

1 


4 

1 



5 

2 



6 

2 



9 

1 


rO 

12 

2 



13 

1 



14 

2 



17 

T 



28 

4 


t 

NO 

29 

J 


19 

24 

2 

3> 


’ NC indicates strains not da,e»ifjcd by the precipitin 
method with available diagnostic sera. 

- These 23 strains all rcsi'tcd 25 ragm. per cent of 'cdiurr. 
sulfadiazine in the media. 
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fections were cultured, with the type distribution 
indicated in Table I. The cultures were obtained 
from patients with scarlet fever, pharyngitis, otitis 
media, wound infections, blood stream infections, 
and pneumonia. The time incidence of cases dur- 
ing this period is shown in Chart 1, By May 
1, 1946, the incidence of streptococcal infections 
had decreased to the point where it was no longer 
considered of value to continue the study. 

The most common typable streptococcus was 
type 3, which was responsible for 28 cases of 
hemolytic streptococcal infections. Type 19 was 
the cause of 24 cases of disease, with 23 of these 
strains being resistant to 25 mgm. per cent sodium 
sulfadiazine and 1 strain non-resistant. Nineteen 
cases were due to the other types listed in Table 
I, while 29 were caused by untypable strains. Only 
type 19 hemolytic streptococci were resistant to 
the action of sodium sulfadiazine. 

Since our main interest in this report is con- 
cerned, with the occurrence of type 19 sulfonamide- 
resistant hemolytic streptococci, the epidemio- 
logical situation in respect to these infections will 
be discussed briefly. Of the 23 persons infected 
with this sulfonamide resistant strain, 14 were 
under 15 years of age, 10 of public school age, and 
4 of pre-school age, 9 cases occurred in adults. 

The first case of scarlet fever in this study de- 
veloped on February 15, 1946, in a 9-year-old boy 
who attended the public school. Following the 
onset of this patient’s illness, several classmates 
developed scarlet fever, and frorn their naso- 
pharynges type 19 sulfadiazine-resistant strepto- 
cocci were isolated. The next cases developing 


due to resistant type 19 strains appeared in par- 
ents, sibblings, or contacts of the children origin- 
.ally infected in the public school. However, 3 
patients were from widely separated communities 
and had no known contact with any of the pre- 
viously mentioned cases. None had any known 
contact with recently discliarged or active mem- 
bers of the Armed Forces. 

Of these cases of drug-resistant infection, 14 
were clinical scarlet fever, and 9 were merely 
pharjmgitis. One case of scarlet fever and one 
case of pharyngitis were complicated by otitis 
media and one patient developed rheumatic fever 
following phaiyngitis due to this type 19 sulfadia- 
zine-resistant hemolytic streptococcus. None of 
these cases presented any special therapeutic prob- 
lems, nor were they clinically difTcrent from in- 
fections due to other types of hemolytic strepto- 
cocci. The incidence of infection with this par- 
ticular organism was rather evenly distributed 
throughout the period of this study with the peak 
occurring early (see Figure 1). 

COM MENT 

The possibility of a spread of sulfadiazine-re- 
sistant hemolytic streptococci to the civilian popu- 
lation has been anticipated ever since their appear- 
ance in the Armed Forces (2, 3, 4). The present 
report indicates that such resistant strains have, 
indeed, been responsible for infections in at least 
one civilian community and that similar occur- 
rences may complicate future problems of therapy 
among civilians. 

The mode of development of resistant strains of 
bacteria is still a matter of discussion. It has been 
demonstrated that strains of streptococci with low 
or medium degrees of sulfadiazine resistance ap- 
peared in the Army (7) about the time that the 
program of mass sulfa-prophylaxis had been in 
progress in the Navy (1) for several months. It 
had been suggested that these slightly resistant 
strains were mutants that might possibly have 
been precursors of the more liighly resistant 
strains later established. The possibility cannot, 
however, be eliminated that there was a transfer 
of resistant strains to soldiers from certain Naval 
personnel, who were subjects of the mass prophy- 
laxis program, and hence possible carriers of 
highly resistant streptococci. It is noteworthy 
that no evidence of sulfonamide resistance was 
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found in any strains of hemolytic streptococci 
prior to the institution of the mass chemoprophy- 
laxis programs (2, 8). 

The possibility that sulfonamide-resistant hemo- 
lytic streptococci could arise in the civilian popu- 
lation must be considered. The evidence to date, 
however, would seem to indicate that all strains 
of hemolytic streptococci which were present in 
the civilian population prior to the time of mass 
chemoprophylaxis in the Armed Forces were sus- 
ceptible to the action of the sulfonamides. Evi- 
dence (8) has also been presented to show that 
the usual therapeutic doses of sulfonamides, such 
as might be prescribed in a civilian population, 
did not cause the development of resistant or- 
ganisms. 

Since the sulfadiazine-resistant hemolytic strep- 
tococcal infections reported in this study were 
caused by a type 19 strain, which was known to 
be a prominent resistant strain in the Armed 
Forces, it seems probable that this strain was 
introduced into this civilian community by military 
personnel even though a history of recent contact 
with sick soldiers and sailors could not be elicited. 
Contact of civilians with discharged veterans, some 
of whom might have been healthy carriers of these 
resistant strains, could hardl}' have been avoided. 
The fact that most cases of sulfonamide-resistant 
infections here reported occurred among school 
children is noteworthy, since all previous reports 
of sulfonamide-resistant infections occurred in 
adults. 

Although the cases mentioned in this report did 
not offer any problems as to therapy, one cannot 
overlook the importance of determining whether 
one is dealing with an organism sensitive to the 
chemotherapeutic agent being administered. Since 
the clinical picture of infections caused by resistant 
strains of hemolj-tic streptococci is no different 
than those caused by non-resistant strains, one 
can only dctenninc this propeetj' bj’ isolation and 
testing of the organism causing the infection. 
I'rom an epidemiological and clinical point of view, 
the determination of the presence of resistant 
strains would be of definite value it the prevention 
and treatment of resistant-strain complications is 
to be effectively accomplished. 

The appearance of increasing numbers of bac- 
teria which arc re.'^istant to \-arioiis chemothera- 


peutic agents, formerly effective against them, sug- 
gests the desirability of a careful bacteriological 
diagnosis of infectious agents prior to treatment 
with specific antibacterial drugs, especially when 
there is an obvious failure of clinical response to 
the chemotherapeutic agent under consideration. 

SUMMARY 

Twenty-three cases of type 19 sulfadiazine-re- 
sistant hemolytic streptococcus infections occurred 
in a civilian community. None of the cases pre- 
sented anj' problem as to treatment nor were there 
any serious complications. Attention is directed to 
the importance of determining the sensitivity of 
infecting bacteria to chemotherapeutic agents 
prior to the start of treatment with specific agents. 

The authors wish to thank Dr. Ann Kuttner and Dr. 
Homer F. Swift for their interest and criticism during 
this study. 

Dr. Walter Eells, Walton, New York, and Dr. George 
Rosenthal, Cherry Valley, New York, were instrumental 
in obtaining many of the streptococcal cultures used in 
this study. Valuable technical assistance was rendered by 
Mrs. Winifred Cary, Cooperstown, New York, and Miss 
Jeanne Epstein of The Rockefeller Institute Hospital, 
New York, New York. 
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STUDIES ON THE RELATIONSHIP OF THE HEPATITIS VIRUS 
TO PERSISTENT SYMPTOMS, DISABILITY, AND HEPATIC 
DISTURBANCE (“CHRONIC HEPATITIS SYNDROME”) 
FOLLOWING ACUTE INFECTIOUS HEPATITIS " 

By JOHN R. NEEFE,^ JOSEPH STOKES, JR., ROBERT S. GARBER, akd 

SYDNEY S. GELLIS 

{From the Nutritional Service oj the Department of Pediatrics {Medical School) and of the 
Gastrointestinal Section {Medical Clinic of the Hospital), University of Pennsylvania) 


The term “chronic hepatitis” has been suggested 
by Barker, Capps, and Allen (1) for reference to 
those patients with infectious hepatitis who fail 
to recover within 4 months of the onset of the 
disease. This term also appears to be applicable 
to those patients with homologous serum hepatitis 
w’ho fail to recover within- 4 months. As used 
here the word “chronic” refers only to “duration 
without implication concerning the nature of the 
pathologic process or the eventual prognosis.” 

The frequency with which “virus hepatitis” “ 
becomes chronic is not known and probably varies 
with the patient’s age, general condition (nu- 
tritional and otherwise), management, and pos- 
sibly with the strain of virus concerned. However, 
in a series of 431 unselected cases diagnosed as 
"infectious hepatitis” in the Mediterranean 
Theater (1), 18 per cent were classified as chronic 
on the basis of the above definition. Furthermore, 
under the favorable conditions associated with 
tile study of induced infectious hepatitis in one 
group of healthy, well-nourished, adequately 
treated volunteers between the ages of 18 and 32, 
approximately 15 per cent failed to recover com- 
pletely within 4 months, although all achieved 
complete clinical recover}' within one year (2, 3). 
On the basis of these data and the high incidence 
of acute virus hepatitis during recent years, the 
occurrence of a relatively large number of such 
chronic cases (as defined above) might be ex- 
pected. 

' This investigation was made possible by a grant 
from the Donner Foundation, Inc,, Philadelphia, Pa., and 
also was aided in part by the Commission on Measles and 
Mumps, Army Epidemiological Board, Preventive Medi- 
cine Service, Office of the Surgeon General, U. S. Armv, 
\\ ashington, D. C. 

= National Research Council Senior Fellow in the Medi- 
cal Sciences, 

* The term “virus hepatitis” is used to include both in- 
fectious hepatitis and homologous scrum hepatitis. 


Chronic hepatitis presents a number of im- 
portant medical problems. Recognition frequently 
may be difficult, particularly in the non-icteric 
cases, and a lack of knowledge of the factors lead- 
ing to chronicity has prevented a fundamental 
approach to its prevention and treatment. Further- 
more, the chronic form of the disease may be of 
importance in the epidemiology of virus hepatitis, 
particularly when unrecognized. 

The relationship of the hepatitis virus to the 
chronic stage of the disease unfortunately is ob- 
scure. A knowledge of this relationship obviously 
is essential for the clarification of some of the 
problems mentioned. For this reason, it was con- 
sidered desirable to attempt to isolate the hepa- 
titis virus from patients with a chronic form of 
the disease. Suitable materials for study were 
available from three volunteers with chronic active 
non-icteric hepatitis observed among a group of 
volunteers in whom acute infectious hepatitis had 
been induced under experimental conditions by 
the oral administration of feces known to contain 
the virus of infectious hepatitis (virus IH) de- 
scribed in previous reports (4, 5). It is the 
purpose of this preliminary report to describe the 
results of attempts to demonstrate the hepatitis 
vims in seram, feces, and liver tissue obtained 
from these three chronic cases. 

MATERIALS AND METHODS 

Source and materials. The histories of the tlircc vol- 
unteers with chronic active non-icteric hepatitis have been 
described elsewhere (3) and do not warrant repetition 
here. The diagnosis appeared to be unequivocal and v.as 
based on the historj', sjmptoms, Iaborator>' evidence of 
hepatic disturbance, and, in two of th.c cases, on the histo- 
logic findings in liver biopsy specimens obtained 6 and 9 
months respectively after the onset of acute he 7 : 2 litis. 
Tfie same strain of virus husd been uted for the induction o: 
acute infectious hepatitis in all three cases. S;»ecimens 
of feces and serum were c.'illrcted at intervals th.rcurh.- 
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out the course of the disease. Tlie times of collection of 
the individual scrum and feces specimens included in the 
pools used in the present study arc shown in Figures I, 
2, and 3 in which the results of serial hepatic tests roughly 
reflect the course of the disease in the three cases. The 
liver tissue tested for the presence of virus was part of a 


hiop.sy specimen obtained surgically from Case 2 (HPZ) 
at the time indicated in iMgurc 2 (approximately 6 months 
after the onset of hepatitis). Scrum and feces specimens 
were frozen within 1 hour after collection. They were 
stored at — 10° to — 20° C. until the time of administra- 
tion to volunteers, with the exception of a few hours 
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Fig. 1. Results of Serial Hepatic Tests in Volunteer D. C. H. 

The “S” and “F” located beneath the time scale at the top of the figure indicate the times when se- 
rum (S) and feces (F) specimens were collected. Acute hepatitis had been induced in this subject by 
the oral administration of a feces preparation known to contain a representative strain (virus IH, Pa.) of 
infectious hepatitis virus. For approximately one year after the disappearance of jaundice associated 
with the' acute hepatitis, he had persistent symptoms resulting in partial incapacitation. A microscopic 
examination of the liver biopsy, obtained at the indicated time, revealed the stroma of many of the portal 
triads to be infiltrated with excessive lymphocytes, plasma cells, and histiocytes. 
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Fig. 2. Results of Serial Hepatic Tests ik Volunteer H. P. Z. 

Acute hepatitis was induced as described in the legend of Figure 1. For other data re- 
ferable to tlie figure, see legend of Figure 1. A part of the liver biopsy obtained at the time 
indicated was used in the present studies (sec text). This volunteer continued to have sjmp- 
toms and partial disability for approximately 10 montlis after the onset of the acute attach 


on one day when they were thawed simultaneously, the 
pools prepared, and then refrozen. The liver tissue was 
placed^ in a drj- bottle and was frozen within 15 minutes 
after its surgical removal. It also was stored at - 10° 
to — 20° C. until used. 

Prcf'aradott of materials: Feces fool 13-14-15 FIH. 

1 C fcccs specimens from the indi%’idual cases were 
thawed and a portion of each T\as pooled with the others 
from the same case, \-iclding pools 13, 14. and 15 re- 
spectively. Sufficient distilled water was added to each 
of these pools to produce, after mi.xing, the cor.sistcncj- of 


a thick paste. Additional distilled water then was added 
and a hcasw homogeneous suspension was obtainer! by 
thorough mixing in a Waring BIcndor. This tlien was 
strained through gauze to remove any remaining large 
particles. Each of the 3 pools (13, 14, IS) then was cul- 
tured (no commonly pathogenic intestinal bacteria were 
isolated), and, after the culture reports were asailaMe. 
equal portions from each were pooled and mi.rtd to jdetd 
feces fool 13-14-15 Fill. The final pool thus ir.rlud'^ 
a total of 25 feces specimens chtair.ed 92 to 342 <dars 
after tlie initial onset of hepatitis (Figures 1, 2. a.-,d 3.). 
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Fig. 3. Results of Serial Hepatic Tests in Volunteer R. H. M. 

t 

See legend Figure 1 for the other data referable to this figure. This subject continued to have per- 
sistent symptoms and partial disability for approximately 10 montlis after the onset of acute hepatitis. 


Serum pool 1-CSIH. Approximately 2 ml. of each 
serum specimen obtained from 106 to 367 days after the 
onset of hepatitis were mixed together to form this pool 
which included a total of IS serum specimens (Figures 
1, 2, and 3). 

Liver suspension 1-CLIH. The biopsy specimen of 
the liver tissue, estimated to weight between 100 and 200 
mgm., was thawed and promptly was ground with sterile 
alundum. The ground liver tissue then was suspended 
in approximately 12 ml. of sterile beef heart infusion 
broth. The suspension was centrifuged for 10 minutes at 


2,000 r.p.m. The supernatant then was removed and 
stored at — 10° C. 

Just prior to its oral administration to the volunteers, 
the supernatant was thawed and diluted to approximately 
100 ml. with sterile physiological saline solution and this 
(liver suspension 1-CLIH) was divided into equal por- 
tions (20 ml.) which were ingested by each of thq S sub- 
jects. 

The report of Colonel Balduin Lucke, of the Army In- 
stitute of Pathology, Washington, D. C., on the micro- 
scopic appearance of this liver tissue was as follows: 
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“The hepatic structure is preserved but allowance must 
be made for variations in lobular configuration that are 
normal at the surface of the liver.- The stroma of most 
portal triads contains a moderate excess of cells, mostly 
lymphocytes and histiocytes; some triads, however, are 
entirely normal. No connective tissue proliferation is 
evident. Occasionally minute foci of cell reaction similar 
to those of the triads are met within the interior of some 
lobules. Many liver cells are swollen and appear to be 
laden with glycogen; these cells are often binucleated. 
It is probable that they represent regenerated cells. 
About half of the liver cells seem to have a low glycogen 
content, suggesting that storage of this material has 
varied in different parts of the tissue.” 

Volunteers. All of the men who volimteered as sub- 
jects for the study were male inmates of the New Jersey 
State Prison, Trenton, N. J. Because of statistically 
significant evidence ' (2) indicating that susceptibility to 
the virus of infectious hepatitis used in this study de- 
creased after the age of 26, and decreased rapidly after 
the age of 30, an effort was made to obtain volunteers 
under 30 years of age. Unfortunately, only a few of the 
volunteers within this age range could be made available 
at the time. It was necessary, therefore, to use a num- 
ber of men who were not within the age range of greatest 
susceptibility (up to 26 years of age) to this strain of 
virus. The ages of the 5 men who were inoculated with 
the feces pool were 23, 27, 31, 32, and 33 respectively. 
Those inoculated with the serum pool were 20, 29, 31, 32, 
and 39 respectively. Those who received the liver sus- 
pension were 21, 28, 29, 34, and 34 respectively. All were 
considered to be in good health. None had a history of 
previous jaundice or presented clinical evidence of 
hepatic disease prior to inoculation. All of the men were 
isolated as a group in a special ward provided by the 
New Jersey State Hospital, Trenton, N. J. The period 
of isolation began 1 month prior to inoculation and con- 
tinued for 2 months after inoculation. During this pe- 
riod, the only contacts were with the nurses, the special 
guards assigned by the prison, the technicians, and the 
supervising physicians. None of these contacts reported 
any illness during the period of experiment Although 
personal contact between the volunteers was not pre- 
ventable at meal and recreation times, they were quartered 
in individual rooms with individual toilet facilities and 
individual eating utensils were used. Registered nurses 
were in constant attendance during the isolation period. 
Following their release from the isolation ward at the 
New Jersey State Hospital, the men were returned to the 
New Jersey State Prison where they were followed for an 
additional 3-month period. 

Studies on volunteers. The hepatic studies described in 
previous reports (3, 6, 7) were conducted on each sub- 
ject at frequent intervals both before and after inoculation. 
Total and prompt direct-reacting (!') serum bilirubin 
determinations, urine bilirubin and urobilinogen tests, and 
the ccpKalin-cholcsterol flocculation, colloidal gold, and 
th}Tnol tests were conducted at least twice weekly during 
the period of ohserration. Bromsulphalein tests were 
done once weekly. Scrum total protein, albumin, and 


globulin were determined at less frequent intervals. 
Oral temperatures were recorded at least twice daily. 
With the appearance of any symiptoms or laboratory ab- 
normalities, the studies were repeated with greater fre- 
quency. After release from the isolation ward, the he- 
patic tests were continued at 1- to 3-week intervals. 

Inoculation of volunteers. On each of 4 successive days, 
5 ml. of feces pool 13-14-15 FIH was administered orally 
in chocolate milk to each of 5 volunteers. Each of 5 
other volunteers ingested 3 ml. (1 man) to 5 ml. (4 men) 


TABLE I 

Results in volunteers after ingestion of 
feces pool 13-14-15 FIH 


Sub- 

jects 

Age 

Illness 
(— to 
+ +++) 

D. A. I. 

Remarks 

J. D. 

31 

-f 

20 to 28 

SjTnptoms only 



+ + + 

1 

127 to 137 

Symptoms, liver ten- 
derness, mild hepatic 
dysfunction 

R. A. 

32 

+ 

18 to 41 

Intermittent sympi- 
toms 

G.S. 

23 

-f 

20 to 35 

Sjunptoms only 

E. S. 

27 

- 

- 

- 

A. M. 

33 

- 

- 

- 


Illnesses graded from — (no illness) to -f on the 
basis of the relative severity of symptoms and signs as ob- 
served in these subjects. D.A.I. indicates the number of 
days after inoculation when symptoms -n-ere present. 


TABLE II 

Results in volunteers after ingestion of 
liver suspension 1-CLlH 


Sub- 

jects 

Age 

Illness 
(—to 
+ + + +) 

D. A. I. 

Remarks 

E. Me. 

29 

+ 

22 to 29 

Symptoms 



-f- 

36 to 50 

Symptoms, plus he- 
patic enlargement and 
tenderness: no signifi- 
cant hepatic dysfunc- 
tion detected 

T. K. 

21 

+ 

26 to 30 

Symptoms and labor- 
atorv evidence sug- 
gestive of mild he- 
patic dysfunction 

M. P. 

i 

28 

-P 

28 to 51 

Intermittent s>-mp- 
toms only 

P. s. 

34 

-r 

IS to 60 

Intermittent s>-nip- 
toms only 

J. M. ^ 

34 

- 

- 

- 


Sec legend of Table I for other data rrfrraLl- to inter- 
pretation of table. 
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TADLE III 

Results VI volunteers after ingestion of 
serum pool 1-CSIlI 


Sub- 

jects 

Arc 

Illness 
(— to 
+ + -k-l-) 

D. A. I. 

RcniiirUn 

V. P. 

39 


io to 15 

Very mild .symptoms 
only 

E. S. 

31 

± 

14 to 26 

1 

Very mild symptoms 
only 

W. H. 

32 

— 

- 

- 

A. W. 

20 

— 

— 

- 

L. S. 

29 

- 

— 

- 


See legend of Table I for other data referable to inter- 
pretation of table. 


of the undiluted serum pool 1-CSIH, the material being 
administered in milk. The 5 men of the third group each 
ingested (in milk) 20 ml. of liver suspension 1-CLIH. 

Previous experience with the strain of infectious hepa- 
titis virus (virus IH) that was used for induction of 
hepatitis in the three volunteers from which the present 
materials were obtained had shown it to be highly effec- 
tive in inducing the apparent disease when administered 
orally but much less effective when administred parentcr- 
ally. For this reason, and because of the limited number 
of volunteers available for these preliminary studies, only 
the oral route of inoculation was used. 

RESULTS 

The results obtained from the oral administra- 
tion of the feces, liver, and serum preparations are 
summarized in Tables I, II, and III and are de- 
scribed in detail below. 

Feces pool 12-14-15 FIH 

j. D. (age 32). Eleven days after inoculation 
he complained of cramps in the abdomen. On the 
16th day, he noted a “slight rash” associated with 
pruritis. As this was transient, it was ■ not ob- 
served by a physician and a reliable description is 
not available. From the 20th to 28th days in- 
clusive, he complained of nausea, headache, and 
general malaise. No significant physical findings 
were recorded during this period, and no definite 
evidence of hepatic disturbance was revealed by 
the various hepatic tests. After the 28th day, he 
apparently was well until the 127th day. He had 
been released from the isolation ward and re- 
turned to the New Jersey State Prison on the 
70th day. On approximately the 122nd day, he 


was released from tlie prison and went to his 
home. From the 122nd to 127th days, he had 
little slec]) and ingested moderate quantitic.s of 
alcoholic beverages. On the 127th day, he noted 
extreme malaise. This was associated with chilly 
sensations and his temperature was found to be 
102.8° F. (oral). He was admitted the next day 
(12Sth) to the Hospital of the University of 
Pennsylvania. At that time, he complained chiefly 
of weakness, headache, aching of the eyes on 
movement, anorexia, and pain in the right costo- 
vertebral angle. Examination revealed an oral 
temperature of 102° F., slight enlargement of the 
inguinal, axillary, and cervical lymph nodes, and 
pronounced tenderness in the right upper quad- 
rant and right costovertebral angle. The liver 
and spleen were not palpable. The symptoms and 
findings persisted until the 132nd day after which 
they gradually subsided. By the 1 37th day, he 
was asymptomatic and physical examination was 
negative. The oral temperature varied between 
99° and 101° F. on the 129th and 130th days, 
from normal to 100.4° F. on the 131st and 
132nd days, and thereafter was normal. He was 
discharged from the hospital on the 137th day. 

The results of the laboratory studies made dur- 
ing this period were as follows : The blood hemo- 
globin varied between 90 and 95 per cent; the 
total leukocyte count was 5,000 on the 128th day 
and 5,000 on the 131st day. The differential 
leukocyte count on the 131st day revealed: neutro- 
philes — 59 per cent, lymphocytes — 40 per cent, 
monocytes — 1 per cent. Routine urinalysis con- 
sistently revealed no abnormal findings. The 
hepatic tests gave the following results suggesting 
the existence of mild hepatic disturbance: The 
Harrison spot test for urine bilirubin was con- 
stantly positive between the 128th and 139th days, 
the response varying from 1 to 3 -f. Urine uro- 
bilinogen was somewhat increased, the maximum 
recorded value being 2.0 Ehrlich units in a morn- 
ing 2-hour specimen. Bromsulphalein tests on the 
128th, 129th, 130th and I37th days gave 30- and 
45-minute values (30 minute per cent ' retention 
— 45 minute per cent retention) of 7/4, 12/11, 
7/4, and 4/3 respectively. The results of the 
total and prompt direct reacting serum bilirubin 
determinations, the cephalin-cholesterol floccula- 
tion, collodial gold and thymol, and the serum pro- 
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tein and cholesterol studies showed no significant 
variations from the normal. 

Typhoid H and O, paratyphoid A and B, and 
brucella abortus agglutinations on the 126th day 
were negative. A heterophile antibody test (Paul- 
Bunnell) on the 137th day (maximal response 
graded 4+) gave 2 +, 1 +, and negative reac- 
' tions in the 1 :32, 1 ;64, and higher dilutions re- 
spectively. 

Although very cooperative, this subject was 
anxious to leave the hospital as soon as possible 
due to the fact that he had been released from 
prison just prior to onset of this illness. As he 
felt perfectly well by the 137th day, it was not 
possible to detain him for further studies after 
that time. Two months later, he returned for 
follow-up studies, having been entirely well dur- 
ing the interval. All hepatic tests were normal 
and the heterophile antibody test gave a 1 + re- 
action in the 1 : 64 dilution, the reaction being 
negative in the higher dilutions. 

R. A. (age 32) . Eighteen days after inoculation, 
this subject complained of general malaise and 
'moderate pain in the lumbar area of the back. 
Between the 19th and 22nd days, he voluntarily 
remained in bed and complained of malaise, back- 
ache, and anorexia. On the 23rd day, he had inter- 
mittent chilly sensations during the evening. These 
continued during the 24th and 25th days and were 
associated with nausea and one episode of vomit- 
ing. Although he then felt relatively normal until 
the 39th day, his oral temperature varied from 
99.8° to 100.8° F. between the 34th and 37th days. 
From the 39th to the 41st day, he complained of 
persistent headache and intermittent nausea. 
After the 41st day, he remained asymptomatic. 
No significant physical findings, other than the 
slight elevation of temperature, were recorded. 
The hepatic studies revealed no definite evidence 
of hepatic disturbance. However, the thjTnol test, 
which had not given 30-minute turbidity readings 
greater than 1.5 units or 18-hour flocculation re- 
actions greater than 1 -f with numerous serum 
specimens obtained during the month prior to in- 
oculation, gave turbidity readings up to 3.0 units 
and 2 + flocailation reactions during the period 
of sj-niptoms. 

n. s. (.\GE 23). On the 11th day, the subject 
complained of slight nausea, headache, and ab- 
dominal cramps that persisted for onty 24 hours. 


From the 20th to the 35th days, he had frequent 
headaches, intermittent lumbar backache, and mild 
to moderate anorexia and nausea. On the 25th 
and 30th days, he vomited several times. The only 
laboratory abnormality was the finding of an in- 
creased excretion of urine urobilinogen (2.0 E. 
U.) on the 34th day. He remained well after the 
35 A day. 

SUBJECTS E. S. (age 27) AND A. 11. (aGE 33). 
The remaining two volunteers who ingested feces 
pool 13-14-15 FIH experienced no significant 
symptoms, and no evidence of hepatic disturbance 
was revealed by hepatic tests during the period of 
observation. 

Liver suspension (^1-CLIH) 

E. MC. (age 29). This subject was well until 
the 22nd day when, for a period of 24 hours, he 
reported general malaise, anorexia, nausea, and 
one episode of vomiting. Although he was rela- 
tively asymptomatic between the 23rd and 26th 
days, symptoms recurred on the 26th day, and per- 
sisted till the 29th day. During this period he 
complained of weakness, general malaise, anorexia, 
nausea, and pain in the region of the right costo- 
vertebral angle. He was relatively free from symp- 
toms between the 29th and 36th days. However, 
from the 36th to the 50th day, he experienced 
rather severe symptoms. They included: (1) 
marked malaise of sufficient intensity to keep him 
in bed ; (2) complete anorexia, severe nausea, and 
vomiting one or more times daily for a period of 
approximately 10 days; any attempt to eat solid 
food was followed by vomiting; (3) headache 
with considerable orbital pain on movement of 
the eyes ; (4) pain in the right upper quadrant that 
at times was of sufficient severity to require mor- 
phine. He was given daily intravenous infusions 
of glucose and saline during this period. No 
significant temperature elevations were recorded 
until the 48th day when the oral temperature was 
100° F. It fluctuated between 98° and 100° F. 
on the 48th and 49th days. About 2 hours after 
a plasma transfusion on the 50lh ’day, he had a 
chill and, during the next few hours, his tempera- 
ture gradually rose to a maximum of 107° F. 
(rectal). The significance of th.e fever noted on 
the 4Sth and 49th days is uncertain as he h.ad re- 
ceived glucose and saline infusions on these ertys. 
That of the fOth day app-cared to l-e th.e result of 
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a plasma reaction. With the suhsiclcncc of this 
reaction, all of his symptoms diminished rapidly 
and he felt relatively normal by the 65th day. 

Physical examination throughout the period of 
severe symptoms (36th to 50th days) revealed 
marked tenderness in the right upper quadrant. 
The liver was enlarged and quite tender. With 
inspiration, the edge of the liver was easily ])al-' 
pable 3 to 4 cm. below the costal margin. After 
subsidence of the symptoms, the size of the liver 
decreased. The spleen was not palpable. No 
other significant physical abnormalities were de- 
tected. 

The several blood counts (hemoglobin, total and 
differential leukocyte counts) made during the 
period of acute symptoms revealed no significant 
abnormalities. Hepatic tests revealed no signifi- 
cant abnormalities until the 49th day when the 
urine gave a positive reaction for urobilinogen in 
a dilution of 1 to 30 and bromsulphalein retention 
was 10 per cent at 30 minutes and 3 per cent at 
45 minutes.'* The following day the 30- and 45- 
minute retentions were 40 and 30 per cent re- 
spectively. The urine was positive for urobilino- 
gen in dilutions of 1 to 100 and 1 to 150 on the 
50th and 51st days. On the 55th day, difficulty 
was encountered in obtaining a 30-minute blood 
specimen for the bromsulphalein test. A speci- 
men obtained at 41 minutes revealed 8 per cent 
retention. The other hepatic tests revealed no 
significant abnormalities and thereafter all re- 
sults were within normal limits. The abnormali- 
ties mentioned are of doubtful significance in re- 
spect to his illness because of their relationship to 
the reactions from the intravenous infusions. 
Roentgenological examination of the gastrointes- 
tinal tract on the 57th day revealed no abnormal 
findings. 

T. K. (age 21). Between the 26th and 30th 
days after inoculation, he complained of malaise, 
mild anorexia, nausea, one episode of vomiting, 
and headache. These subsided by the 30th day 
and he remained well thereafter. There were no 
abnormal temperature elevations. 

The hepatic tests during this period revealed a 
maximum total serum bilirubin of 1.7 mgm. per 

^ With 7 previous bromsulphalein tests performed dur- 
ing the preceding 2 months, retention at 30 and 45 minutes 
was never greater than trace and O respectively. 


100 ml. (prc-inoculation maximum 1.2 mgm.), 
a delayed direct qualitative van den Bcrgh re- 
action, a maximum thymol turbidity of 4.0 units 
(maximum prc-inoculation reading — 2.5 units), 
and a maximum 2-liour urine urobilinogen con- 
centration of 6.0 Ehrlich units (maximum pre- 
inoculation 1.6) with a positive reaction also be- 
ing obtained in a urine dilution of 1 to 200. 

j. M, (age 34), This subject had no significant 
symptoms or laboratory manifestations of hepatic 
disturbance following inoculation. 

M. p. (age 28). Between the 28th and 51st 
days following inoculation, he complained of 
malaise and intermittent rather severe headaches. 
No other significant symptoms or laboratory 
manifestations suggestive of hepatic disturbance 
were present. 

p. s. (age 34), Fifteen days after inoculation 
a pruritic rash, slight headache, and an elevation 
of oral temperature to 100° F, were experienced. 
No adequate description of the rash is available 
as it was observed only by the attending nurse and 
disappeared in 24 hours before he was seen by a 
physician. From the 21st to 26th days he was 
nauseated intermittently, vomited on two occa- 
sions, and his appetite was moderately diminished. 
He then was relatively asymptomatic until the 
39th day when anorexia, abdominal cramps, and 
headache were present and persisted for approxi- 
mately 2 days. He again was free from symptoms 
until the 59th day when, for a 24-hour period, he 
had anorexia, nausea, and one episode of vomiting. 
Thereafter he remained well. No significant lab- 
oratory evidences suggestive of hepatic disturbance 
were detected at any time. 

Serum pool (1-CSIH) 

None of the 5 men who ingested this serum (V. 
R., age 39; E. S., 31; W. H., 32; L. S., 29; 
A. W., 20) developed significant laboratory evi- 
dence suggestive of hepatic disturbance following 
their inoculation. One (V. P.) complained of 
slight nausea and mild headache between the 10th 
and 15th days. Another (E. S.) between the 14th 
and 26th days, had malaise, and intermittent mild 
nausea and headache. The symptoms in both 
were not sufficient to interfere with their volun- 
tary continuance of their usual activities. 
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DISCUSSION 

Tlie results of the present studies permit no 
definite conclusions concerning the presence of a 
hepatitis virus in the serum, feces, and liver prep- 
arations. Nevertheless, four of the five men who 
ingested the liver suspension and three of the five 
who ingested the feces preparation developed ill- 
nesses, of mild to moderate severity, after inter- 
vals corresponding to the usual incubation period 
of infectious hepatitis. The symptoms of sub- 
ject E. McE. (liver suspension) were typical of 
infectious hepatitis of moderate severity and were 
associated with enlargement and tenderness of the 
liver. The only definite laboratory evidence of 
hepatic disturbance in this subject was observed 
late in the course of the illness. This was quite 
transient and could be explained entirely on the 
basis of febrile reactions that followed intravenous 
glucose, saline, and plasma. Except for the lack 
of laboratory evidence of hepatic disturbance, his 
illness clinically was typical of infectious hepatitis 
without jaundice. 

The symptoms and physical findings in volun- 
teer J. D. (feces preparation) beginning 127 days 
after inoculation also were typical of mild infec- 
tious hepatitis without jaundice. Liver tenderness 
and laboratory evidence of mild hepatic disturb- 
ance were present. This illness began after a 
period of unaccustomed physical activity, in- 
adequate rest, and ingestion of considerable 
amounts of alcohol, all following his release after 
a number of j'ears in prison. Although the pos- 
sibility that this illness was coincidental and un- 
related to the experiment obviously cannot be ex- 
cluded, it also is quite possible that his symptoms 
beginning on the 20th day were the result of the 
hepatitis virus and that his resistance was suffi- 
cient to protect him until it was lowered by the 
activities following his release from the prison. 
Such activities have been related to an increased 
incidence of relapse in infectious hepatitis. 

The illnesses of the other men were mild. The 
symptoms and the interr’al between inoculation and 
their onset were similar to the symptoms and in- 
cubation period of infectious hepatitis. However, 
evidences of hepatic disturbance either were ab- 
sent or minimal. In other volunteers with symp- 
toms of comparable and even less severity due to 
licpatitis resulting from inoculation with this strain 


of virus, as obtained from acute cases, the illness 
usually has been associated with fever, and hepatic 
tests consistently have revealed evidence of marked 
hepatic disturbance. If these illnesses are con- 
sidered to be due to a hepatitis virus in the ma- 
terials obtained from the volunteers with chronic 
hepatitis, the difference in the manifestations ob- 
served in these volunteers from those observed 
in others inoculated with materials from acute 
cases must be explained. Some change in the 
virus itself, a difference in the resistance of the 
volunteers used, or both possibly could account 
for the difference. Unfortunately, the volunteers 
available at the time of the present experiment did 
not include persons in the age groups most sus- 
ceptible to the strain of virus concerned. Previous 
studies (2) have shown that the age range of great- 
est susceptibility to this strain of virus was from 6 to 
25, the incidence in exposed persons over this age 
being much lower. Furtherrhore, with the more 
marked decrease in incidence observed after the 
age of 30, the incidence of hepatitis without jaun- 
dice in those over this age who acquired the dis- 
ease increased from 26 per cent in the 10 to 30 age 
group to 66 per cent of those over 30. Of the 15 
volunteers available for the present study, only 3 
(1 in each group of five) were under 25, 4 were 
between 25 and 30, and 8 were over 30 years of 
age. It is possible, therefore that the illness ob- 
serv'ed in these volunteers represented the response 
of relatively resistant hosts to the hepatitis virus. 
On the other hand, it also is possible that, in the 
volunteers with chronic non-icteric hepatitis, some 
modification of the virus had occurred. However, 
lacking any specific serological or other test for 
the hepatitis Hrus, conclusions regarding the sig- 
nificance of the present results must be deferred. 
It is hoped that additional volunteers will become 
available for further tests of the materials used in 
the present study and of materials obtained from 
the present subjects during their ctiologically ob- 
scure illnesses. In addition to the possible influ- 
ence of factors mentioned above, the failure of 
scrum pool 1-CSIH to produce any significant 
manifestations suggesting the presence of the hepa- 
titis virus also could have l>ccn due either to the 
absence of the virus in the pool or to the prc-rr.cc, 
in some of the specimens, of neutralising sub- 
stances which ir.acti\'atcd the virus. Tl;us, t'r.e 
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negative results with this serum pool do not neces- 
sarily indicate that the virus was absent from all 
of the individual specimens. 

SUMMARY AND CONCLUSIONS 

Serum and feces specimens and liver tissue (bi- 
opsj’’) were obtained from 3 subjects who had per- 
sistent symptoms and other evidence of continued 
hepatic disturbance (chronic nonicteric hepatitis) 
following acute hepatitis that had been induced by 
oral inoculation with a known strain of “infectious 
hepatitis” virus. In an attempt to clarify the re- 
lationship of the hepatitis virus to the persistent 
sj'inptoms and continued hepatic disturbance, vol- 
unteers were inoculated orally with materials col- 
lected from 3 to 12 months after the onset of the 
disease. Following ingestion of the feces prepara- 
tion, 3 of the 5 volunteers developed mild illnesses 
after 18 to 20 days. Likewise, 4 of the 5 volun- 
teers developed illnesses of mild to moderate 
severitjf 15 to 36 days after ingestion of a suspen- 
sion of the liver tissue. None of the 5 volunteers 
who ingested the serum pool developed significant 
illness during a 5-month period of obsen'ation. 
The symptoms and manifestations of those who be- 
came ill included two or more of the following: 
malaise, headache, anorexia, nausea, vomiting, ab- 
dominal cramps, and pain in the right upper quad- 
rant. Two presented tenderness in the liver area 
and, in one of these, the liver became moderately 
enlarged. 

In spite of moderately severe symptoms in two 
of the cases, laboratory evidences of hepatic dis- 
turbance in all cases either were absent or minimal. 
None developed overt jaundice. The intervals be- 
tween inoculation and onset and the clinical mani- 
festations were compatible with mild infectious 
hepatitis without jaundice, particularly in two of 
the cases. The laboratory evidences of hepatic 
disturbance usually associated with mild hepatitis, 
however, were not present. Although no other ex- 


planation for the illnesses is apparent, their exact 
nature and their relationship to the materials used 
for inoculation arc uncertain. Factors of possible 
importance in intcrj)rctation of the results arc dis- 
cussed. 
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INTRODUCTION 

It has been amply demonstrated that the con- 
centration of blood lactate rises during moderate 
exercises (1). It was therefore of interest to 
study the response of blood lactate in men with 
neurocirculatory asthenia (N.C.A.), anxiety neu- 
rosis, or effort syndrome to a standard amount 
of moderate exercise. Studies have been made 
on blood lactate response in patients with effort 
syndrome (2). In those studies, however, the 
patients exercised a lesser amount than did the 
control subjects, thereby rendering the blood lac- 
tate results difficult of interpretation. Two types 
of work experiments must be differentiated. The 
first is that in which the patient is asked to per- 
form until exhaustion. In this type of experi- 
ment, it is of interest that one subject may per- 
form longer than another. Physiologic data from 
this type of study are difficult to compare ■with 
those of control subjects since time of exercise 
is not comparable (3, 4). This type of experi- 
ment is subject to considerations of the subjects’ 
willingness to perform, “true ability” to perform, 
persistence, and similar- factors which are as yet 
difficult to quantitate. 

Another type of work experiment is the moder- 
ate exercise test. The task is set at a level where 
the work can be finished both by the patient and 
the control subject. This study reports tests of 
this second kind. Bj- using a standard amount 
of work which both the patient and control subject 
finish it is possible to compare response of one 
group of patients with a control group. 

* The work described in this paper was done under a 
contract recommended by tlie Committee on Medical Rc- 
^rch, between the Office of Scientific Research and 
Dcs-elopment and the Massachusetts General Hospital. 
Responsible Investigators: Paul D. MTiite and Stanlcs- 
Cobb. 


METHOD 

Patients selected were men in the armed forces in whom 
a diagnosis of neurocirculatory asthenia had been made 
(5). Forty-two patients with chronic neurocirculatory 
asthenia and 19 patients with acute neurocirculatory as- 
thenia were studied, along with 41 healthy control subjects. 
On grounds of history alone, two groups of patients were 
differentiated. Those who had a lifelong course of the 
condition or who could never do hard work or athletics 
were designated “chronic neurocirculatory asthenia,” 
while those who gave convincing evidence of good health, 
ability to do muscular work or athletics, and nervous sta- 
bility previous to the onset of the illness were designated 
“acute neurocirculatory asthenia.” The control subjects 
were soldiers who had been through basic training and 
tvere in a good state of health. These studies were done 
as part of a general study of work in neurocirculatoiy 
asthenia. A half-hour rest period is followed by a 15- 
minute walk on a treadmill, which is set at 3.5 miles per 
hour, and 8.9 per cent grade. The work output in this 
test is 1.17 large calories per kilo and hour (81.90 large 
calories per hour for a 70-kilo man). Specimens of 
finger blood are collected during the ninth minute of the 
walk, blood being taken from the finger of the dependent 
hand into a heparinized watch glass. Care is taken to 
avoid contaminating the blood with alcohol or any other 
substance which might interfere with the accurate estima- 
tion of blood lactate. The determinations were done in 
duplicate for lactate concentration bj' the metliod of 
Edwards (6). The values recorded here arc the mean 
for duplicate determinations which checked within 3 
milligrams. In some cases respiratory studies (ventila- 
tion and 0. consumption) were done from the ninth to 
the fourteenth minute of the valk. The walk is con- 
cluded at the end of 15 minutes. Patient is given a short 
rest and then allowed to run on the treadmill to ex- 
haustion. The results of tlic run will not be reported on 
or discussed in detail in this paper (7). 

RESULTS 

All patients reported here finished the full v.-alk. 
Results of blood lactate concentration determina- 
tions in the patients arc presented in Fij^urc 1 
■which shows that patients’ average is h;;;r.er than 
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Fig. 1. 

Data for Blood Lactate Conce.vtr.atio.v During Treailmill 


Walk 

Each (lot or circle represents average of duplicate deteniiinatious from first 
test in each subject. The patients show significantly higher blood lactate 
concentration as compared with controls. The chronic N.C.A. patients 
show significantly higher levels of blood lactate concentration as compared 
with acute N.C.A. 


that of healthy control subjects. The men with 
acute neurocirculatory asthenia do not average so 

TABLE I 

Stimmary of averages, statistical calculations, and 
significances of differences in lactate results 
' in walking 



Healthy 

control 

subjects 

1 

Acute 

N.C.A. 

Chronic 

N.C.A. 

Number of cases 

41 

19 

42 

Mean 

21.3 

33.6 

44.6 

Coefficient of variation 

,51 

.53 

.42 

Standard deviation 

10.86 

17.86 

18.52 

Standard error 

1,70 

4.10 

2.86 

Standard error of the difference 
between means: 




Healthy 


4.44 

3.32 

Acutes 

4.44 


5.00 

Chronics 

3.32 

5.00 


Significance ratio: Difference of 
means /standard error of 
the difference between 
means: 




Healthy 

2.79 

2.79 

7.02 

Acutes 


2.20 

Chronics 

7.02 

2.20 



Odds against .the occurrence of a deviation as great or 
greater than the designated number of Standard Errors: 

Healthy to acutes — 180 to 1. Acutes to cdironics — 35 
'to 1. Chronics to healthy — 400,000,000,000 to 1. 


high as do the men with chronic neurocirculatory 
asthenia. The differences between these groups 
are statistically significant as is shown in Table I. 
The mean blood lactate concentration for all 61 
N.C.A. patients is 41.2 mgm. per 100 ml, of 
blood. This differs markedly from the controls 
with a significance ratio of the difference being 
7.02. 

Table II shows the resting blood lactate values 
along with the values obtained during walking 
for each subject. The resting values for the 
controls and the patients are the same despite the 
fact that the walking values are higher for the 
patients. 

There is no correlation in individual cases be- 
tween resting and walking values of blood lactate 
concentration in N.C.A. or controls (Correlation 
Coefficients, chronic N.C.A., .25 ; healthy, .18). 

Table III shows that replicate determinations, 
from successive walk studies in patients with 
N.C.A., give consistent results, the difference in 
means of the two groups being less than one 
mgm. per 100 ml. of blood. 
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TABLE n 


Lactate concentration — mgm. per 100 ml. of blood 


Chronic N.C^. 

Acute N.C.. 

A. 

Healthy controls 

Case 

Rest- 

Walk- 

Case 

Rest- 

Walk- 

Case 

Rest- 

Walk- 

ing 

ing 

ing 

ing 

ing 


3 

14 

57 

201 

20 

40 

401 

13 

27 

5 

18 

33 

204 

19 

41 

406 

10 


7 

16 

28 

206 

10 

47 

407 

IS 

16 

11 

— 

47 

207 

11 

16 

410 

19 

44 

13 

18 

33 

213 

12 

12 

411 

20 


14 

8 

97 

215 

18 

27 

416 

14 


18 

18 

36 

216 

18 

37 

417 

15 

44 

21 

26 

33 

217 

22 

24 

418 

18 

26 

22 

16 

61 

221 

11 

30 

422 

19 

20 

23 

12 

29 

223 

12 

8 

424 

14 

18 

24 

24 

52 

224 

12 

51 

430 

10 

39 

25 

— 

54 

225 

16 

26 

435 

26 

25 

28 

10 

32 

230 

10 

39 

436 

20 


30 

— 

48 

231 

9 

19 

438 

16 

24 

31 

— 

28 

238 

13 

81 

439 

13 

19 

32 

18 

53 

239 

11 

40 

440 

9 

24 

33 

j 

29 

240 

— 

54 

442 

19 

26 

34 

12 

37 

241 

12 

20 

445 

21 

48 

38 

14 

56 

248 

9 

20 

447 

21 

26 

39 

19 

61 




448 

13 

20 

40 

14 

39 




450 

14 

29 

41 1 

15 

40 




451 

11 

18 

44 

9 

27 




452 

— 

18 

45 

13 

44 




455 

22 

18 

46 

1 

34 




490 

— 1 

6 

49 

30 

97 




491 

1 

8 

52 

— 

18 




492 

— 

7 

55 

— 

42 




493 


9 

58 

11 

17 




494 


5 

61 

16 

51 




495 



9 

63 

9 

59 




496 



21 

65 

23 

56 




497 



21 

67 

13 

26 




498 



35 

68 

14 

41 




499 



7 

70 

12 

37 




500 



6 

71 

45 

45 




501 



9 

73 

13 

51 




502 



22 

74 

24 

36 




503 



15 

80 

— 

28 




504 



13 

86 

11 

41 




505 



13 

87 

— 

29 




506 



27 

89 

13 

05 






N 

32 

42 


18 

19 


23 

41 

Mc.in 

11.! 

? 44.( 

J 

13.f 

) 33.< 


16.2 

1 21.3 


DISCUSSION AND SPECULATION 
These data show that during standard moderate 
exercise blood lactate concentration in patients is 
greater than that of healthy control soldiers. 
Similarly, poorly trained subjects (8), normal 
women (9), and elderly men (1) show high blood 
lactate concentration during treadmill walking. 
These patients had spent some time in the hospital 
and were not in active training. Most of them 
had been through basic training in service. 
Whether these results merely reflect poor state of 
training cannot be ascertained from these data. 


. TABLE in 

Blood lactate during successive walks on different 
days in patients with neurocirculatory asthenia 


Case 

First walk 

Second walk 

Difference 


1 mgm. -per 100 ml. of blood I 


21 

33.0 

41.0 

8.0 

28 

32.2 

31.0 

- 5.5 

34 

37.0 

29.0 

- 8.0 


39.0 

36.0 

- 3.0 

44 

27.0 

30.0 

3.0 

48 

17.0 

11.0 

- 6.0 


59.0 

87.0 

28.0 

73 

51.0 

50.0 

- 1.0 

74 

36.0 

30.0 

- 6.0 

206 

47.0 

37.0 

-10.0 


16.0 

20.0 

4.0 


8.0 

24.2 

16.2 

238 

107.0 

76.0 

-31.0 

No. 

13 

13 

13 

Mean 

39.2 

38.6 

- 0.9 


An attempt to train some of these men was 
unsuccessful as the men did not train properl}’ 
(4). This left open the question as to whether 
training would bring this abnormality in blood 
lactate concentration to normal levels. Methyl 
testosterone, administered because of similarities 
in some aspects of the physiolog}' of N.C.A. with 
that of women and older men, did not increase 
physical fitness test scores in N.C.A., nor did 
intravenous administration of cytochrome C change 
the blood lactate concentration during walk sig- 
nificantly (7). These data do not tell whetlier 
the high blood lactate in N.C.A. during walking 
is due to increased formation, increased blood con- 
centration, abnormal rate of destruction, or re- 
moval from blood. 

The abnormality in blood lactate concentration 
during moderate work shows a clear cut difter- 
ence betwen N.C.A. and healthy control subjects. 
It suggests that N.C.A. patients have special diffi- 
culties in doing muscular work and fits well with 
patients’ constantly reiterated statements that they 
are unable to keep up in muscular work with other 
men. 

In discussing their lactic studie.s, Jones and 
Scarisbrick (10) concluded that the paticnt> 
“show very poor response to exercise as judged 
by the amount of work done. ' At tlie .same time, 
however, there is no major biochemical abnonr.al- 
ity in their response. The pH and lactate were 
in keeping with the amount of work done, though 
we have ocasionallv seen a ca=e where the ri^c o; 
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lactate and pH shift is excessive for a small out- 
put of work.” This inspired a medical editorial 
which stated (11), “The patients’ bodily response 
to exercise does not difTer in any discoverable re- 
spect from that of other subjects of their own 
age. . . . The level of lactic acid reached in 
these experiments lent no support to the view 
that patients with effort syndrome behave other- 
wise in physiologic respects to other people.” 

Our data are in direct contradiction to these 
statements. It is true, to be sure, that if N.C.A. 
patients perform for a shorter time than do con- 
trols their blood lactate concentration may be 
lower. This was true in our studies of severe 
work where patients ran for a shorter time (4). 
However, for the same duration and amount of 
muscular work, whether moderate or severe (4, 
7, 12), blood lactate concentration is high in 
N.C.A. The lower level at “exhaustion” and the 
higher levels for the same amount and duration 
of muscular work confuse some readers and may 
seemingly offer a contradiction. The seeming 
contradiction is due to the fact that in severe 
muscular work N.C.A. patients reach the stopping 
point earlier than do controls; but, for the same 
amount and duration of effort, blood lactate con- 
centration is higher in N.C.A. This demonstrates 
that, if the patients’ difficulty is, as was stated 
(10), simply a matter of lack of “persistence,” 
this lack of persistence is usually associated with 
a chemical abnormality — that is, increased blood 
lactate concentration. 

The exact explanation for this is not at hand. 
Taken with our evidence of low oxygen consump- 
tion in N.C.A. during running (7, 12), it sug- 
gests deficient aerobic metabolism and excessive 
oxygen debt. It is noteworthy that cytochrome C 
did not correct the high blood lactate during walk- 
ing in N.C.A. We have no data which explain 
completely the exact mechanism of this abnormal- 
ity in neurocirculatory asthenia. 

CONCLUSIONS 

1. Blood lactate concentration is significantly 
higher in neurocirculatory asthenia during mod- 
erate exercise than in controls. 


2. The abnormality is greater in chronic N.C.A. 
than in acute N.C.A. 

3. It cannot be slated whether state of training 
or other factors account for the difference. 

4. A chemical abnormality has been demon- 
strated in neurocirculatory asthenia which fits well 
with patients’ statements that they cannot keep up 
with other men in muscular work. 
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The role of the liver in directing fluid shifts 
in the body has never been accurately defined. 
The effect of hepatic disease on the water balance 
of the body, however, has been appreciated for 
many years. In evidence of this is the fact that a 
patient with liver disease experiences greater de- 
lay in diuresis than does a normal person after 
drinking large amounts of water (1). The sup- 
pression of urine that may accompany acute liver 
disease as well as the oliguria of cirrhosis are old 
clinical observations (1, 2, 3, 4, 5). The phe- 
nomenon of water storage during acute hepatic 
disease was suggested by Jones and Eaton (6) 
who pointed out that the convalescent phase of 
acute hepatitis was frequently initiated by diuresis 
which they assumed was a result of the mobiliza- 
tion of previously stored water. Since reasonably 
reliable methods exist for the measurement of 
individual body fluid spaces and have been applied 
with success to the study of other infections (7), 
it was thought that a systematic study of the 
distribution of body water during the course of 
acute infectious hepatitis would reveal the pres- 
ence of water storage and would further serve to 
identify the individual fluid compartments par- 
ticipating. In addition, periodic measurements of 
separate fluid shifts during the course of the dis- 
ease would give quantitative expression to the 
relative role played .by each fluid compartment 
while operating under hepatic control. 

In a previous communication (8) data from one 
tj'pical case were presented. However, in observ- 
ing the fluid alterations in a group of 14 patients 
with acute infectious hepatitis, the movements of 
body water in each case were found to follow a 
pattern of great similarity'. It was, therefore, 
thought that a presentation of consolidated data 
from the entire study would serve to emphasize the 
uniformity of these phenomena. 

The present study was concerned witli 14 young 
adult males who were part of a large group of 

* Dr. Haiplanii died .-\ufui 5 t 2. 1946. 


Navy personnel with acute infectious hepatitis ob- 
served at the Hospital of The Rockefeller Insti- 
tute for Medical Research (9) . Each patient had 
been previously healthy and had developed hepa- 
titis during active naval service. Only those cases 
in the early acute phase of hepatitis were included 
in 'the present study. Since water and electrolyte 
measurements were of primary interest, it was 
thought advisable to study only those patients 
who had been able to maintain a fluid intake ap- 
proximating normal and in whom diarrhea, vom- 
iting, severe fever, and dehydration were not com- 
plicating features of the acute phase of illness. 
The course of disease was comparable in each 
patient, being of moderate severity and proceeding 
in each instance through uncomplicated convales- 
cence to complete clinical healing (10). 

METHODS 

On admission to the hospital, each patient was placed at 
bed rest in the l^Ietabolic Ward where the entire study 
was conducted. The diagnosis of acute infectious hepa- 
titis %\as readily established after a careful medical his- 
tory and physical e-xamination, and tests of liver function 
served to confirm the presence of acute liver disease in 
each instance. A urine examination done on admission 
and repeated frequently during the hospital course ruled 
out underlying renal disease in each case. Strict control 
of water balance was established by measurements of 
fluid intake and urine output and daily determinations of 
body weight. No patient received additional fluid by 
clysis. The entire group received a diet composed of 
150 grams of protein, 50 grams of fat, and sufficient car- 
bohydrate to maintain the daily food intake between 3,000 
and 3,500 calories. The total daily salt intake including 
the calculated intrinsic food salt was kept constantly be- 
tween 9 and 10 grams. 

Tlie initial measurements of plasma volume, blood vol- 
ume, and "extravascular tliiocj-anate space" v. cre l>egu:i 
under basal conditions on the day following admission t'l 
the hospital and repeated at least cverj' 7 days, occasivn- 
aily as often as every 4 days. Ti’.c sim-jltaneous meth vi of 
Gregersen and Stewart (11), based upon the pla'ma diha- 
tion of the dye T-1824 and the "cxtra-.-a'cnlar spacr" 
dilution of sodium thioomnatc. •■•.'as adapt O'! to the Ce’e- 
man Jr. sp^trophotometer. The selectivity cf this in- 
strument minimired the therctical effect et th.- ir.fr- 



344 


PANIKL 71. r.AIiltV AM) CIIARUiS I.. 7tOAGr,ANr) 


fcrcncc of bilirubin niul hcmoly.si.s (12) on tlic determina- 
tion of T-1824. Dye-free sami)le.s of .scrum obtained be- 
fore injection of T-1824 were used for control readings. 
Many preliminary tests on otlier patients with hepatitis 
indicated that 15 minutes was an api)roi)riate interval for 
the “mixing time” of the dye in e.ach ease (13). All 
blood samples were obtained without the use of a 
tourniquet. 

In the present study the "extravascular thiocyanate 
space” was derived by subtracting the plasma volume from 
the total thiocyanate space. So little change was encoun- 
tered in the total red blood cell volume as expressed by 
the venous hematocrit (14) that small variations in the 
amount of red cell water were not considered of impor- 
tance for these calculations (11). The total blood vol- 
ume was calculated from simultaneous determinations 


of the plasma volume and venous hematocrit according to 
the formula (IS) : 


Plasma volume 
(100 “ hematocrit) 


X 100 = I’lood volume. 


The measurements of all body fluid comiiartments were 
finally cxjircsscd on a per kilogram of body weight basis 
according to previously described standards (16). No 
measurements of the intracellular fluid phase were un- 
ilertakcn. 

It had been jireviously determined (9) that the most re- 
liable index of liver function during the course of acute 
infectious hepatitis is a combination of measurements of 
the total serum proteins with estimations of the albumin 
and globulin fractions, the plasma bilirubin level, the 
bromsulfalein excretion test (5 mgm. per kgm. — 45- 


TAni,E I 


Alterations in body fluids, 


the components of blood and urine, and tests of liver function 


during acute infectious hepatitis 




Day 

Day 

Body 

wt. 

He- 

mato- 

crit 

Thio- 

Plasma 

vol. 

Blood 

vol. 

Plasma proteins 


Sc- 

rum 

Brom- 

siilfa- 

Tliy- 

mol 

Water 

toler- 

ance 

testt 

Chlorides 

Case 

no. 


of 

dis> 

case 

onset 

dark 

urine 

cya* 

natc 

space 

Total 

Al- 

bu- 

min 


A/G 

NPN 

bili- 

ru- 

bin 

Icin 

reten- 

tion* 

tur- 

bid- 

ity 

Plasma 

Urine 
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cent 
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cent 
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cent 

units 
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liter 

liter 

put 

1 

32 


2 

80.4 

51 

200 

42 

85 

6.42 

3.30 

3.12 

1.1 

21.2 

6.6 


23 

794 

95.8 

27.8 

114 


8 

79.4 

51 

186 

40 

81 

7.31 

3.87 

3.44 

l.l 

30.0 

4.2 


24 

1,272 
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isl 
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47 

175 
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32 
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56.8 
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8 

S 
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47 
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41 
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145 
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12 
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12 
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nKuM 



30 

26 

77.6 

47 

162 

45 

85 

6.94 

4.77 

2.17 

2.2 

26.2 

0.6 

0.5 

9 

1,618 

101.0 

80.0 




47 

43 

79.1 

50 

170 

41 

82 

6.55 

4.03 

2.52 

1.6 

26.2 

0.6 

0.5 

8 





5 

20 

7 

4 

63.5 

50 

258 

43 

86 

5.91 

3.08 

2.83 

1.1 

26.3 

9.7 

39.5 

25 

1,251 


53.0 

171 


15 

12 

64.7 

49 

234 

43 

83 

6.81 

4.36 

2.45 

1.8 

22.5 

2.8 

21.5 

29 

1,248 


96.0 

241 



22 

19 

65.0 

48 

216 

41 

79 

7.59 

4.34 

3.25 

1.3 

35.0 

1.6 

21.5 

20 

1,205 

100.8 

82.0 

162 



29 

26 

66.0 

48 

210 

38 

73 

7.25 

4.69 

2.56 

1.8 

38.7 

1.0 

10.0 

16 

1,344 

101.0 

73.0 

148 



36 

33 

67.4 

47 

202 

36 

68 

7.46 


2.40 

2.1 

30.0 

0.8 

4.0 

16 

1,221 

101.0 

101.0 

172 



51 

48 

66.9 





6.56 

BEg 

2.16 

2.0 

25.0 

0.5 

0.0 

12 

1,222 




6 

17 

7 

6 

66.2 

49 

182 

58 

113 

6.73 

4.34 

2.39 

1.8 

35.0 

2.9 

29.5 

11 

1,167 

95.0 

54.0 

136 


15 ■ 

14 

66.3 

49 

170 

44 

86 

6.81 

4.47 

2.34 

1.5 

35.0 

1.4 

23.0 


1,329 

98.8 

109.0 

167 



23 

22 

67.6 

SO 

176 

40 

81 

7.24 

4.70 

2.54 

1.6 

27.5 

1.2 

8.5 


1,210 

101.0 

113.0 

213 



30 

29 

69.4 

48 

174 

38 

73 

7.17 

4.71 

2.46 

1.9 

26.2 

0.8 

3.7 


1,153 

101.0 

96.8 

177 



37 

36 

70.5 

47 

183 

39 

73 

7.03 

4.84 

2.19 

2.2 

25.0 

0.7 

2.5 

4 

1,117 

101.0 

116.0 

188 

' 


53 

52 

72.1 

47 

180 

40 

74 

6.45 

4.25 

2.20 

1.9 

30.0 

0.5 

2.5 


1,302 




7 

19 

■ 1 

iW/M 

59.5 

46 

198 

49 

92 

6.58 

3.91 

2.67 

1.5 

33.7 

7.1 

50.5 

MEM 

392 

98.2 

48.2 

66 



14 

60.1 

46 

189 

52 

95 

6.73 

3.89 

2.84 

1.4 


1.6 

3.5 

WmM 

1,584 

99.8 

74.0 

186 




21 

60.8 

46 

181 

57 

106 

6.40 

4.21 

2.19 

1.9 


1.0 

4.5 


1,709 


113.0 

241 



31 

27 

62.1 

46 

183, 

45 

83 

6.76 

4.64 

2.12 

2.0 

18.7 

0.7 

2.0 


1,524 

102.0 

95.0 




38 

34 

63.4 

46 

185 

41 

75 

6.78 

4.83 

1.95 

2.5 

26.2 

0.9 

0.5 

^MM 

1,698 

100.0 

111.0 




52 

48 

63.0 

45 

186 

47 

85 

7.29 

4.54 

2.75 

1.7 

32.5 

0.8 

1.2 

Ka 

1,536 

103.0 

137.0 


s 

21 

7 

■ 

49.6 

48 

245 

43 

83 

7.60 

4.04 

3.56 

1.1 

32.5 

7.3 

41.0 

13 

775 

95.0 

46.0 

147 

10 


49.5 

48 

239 

42 

80 

6.82 

4.23 

2.59 

1.6 

32.5 

8.3 


20 

1,346 

94.0 

80.0 

163 



18 

17 

49.6 

47 

216 

43 

80 

7.36 

3.98 

3.38 

1.2 

35.0 

1.8 


14 

1,341 

102.0 

110.0 

223 



25 

24 

51.5 

48 

215 

35 

67 

7.78 

4.56 

3.22 

1.4 

30.0 

0.8 

K9 

12 

1,343 

103.0 


165 



33 

32 

52.6 

46 

205 

36 

67 

7.64 

4.71 

2.93 

1.6 

26.3 

1.0 

ns 

7 


101.0 



45 

44 

53.4 

46 

217 

36 

66 

7.32 

4.70 

2.62 

1.8 

27.5 

0.7 

1.0 

4 

1,326 

102.0 
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TABLE I — Continued 


Case , 
no; 

tgc 

Day 

of 

dis- 

ease 

Day 

since 

onset 

dark 

urine 

Body 
wt. * 

1 

Thio- 

cya- 

nate 

space 

Plasma 

vol. 

Blood 

vol. 

Plasma proteins 

NPN 

Se- 

rum 

bili- 

ru- 

bin 

Brom- 

sulfa- 

lein 

reten- 

tion* 

Thy- 

mol 

tur- 

bid- 

iiy 

Water 

toler- 

ance 

testt 

Chlorides 

Total 

Al- 

bu- 

min 

Glob- 

ulin 

E 

Plasma 

Urine ’ 

9 

25 

15 

24 

31 

38 

45 

50 

6 

15 

22 

29 

36 

41 

kgm, 

81.4 
80.0 
79.6 

79.4 
79.6 
79.8 

46 

44 

45 

48 

47 

ml. per 
kgm. 
body 
irf. 
218 

191 
193 
195 

192 

ml. per 
kgm, 
body 
vt, 

45 

■41 

40 

40 

40 

ml. per 
kgm, 
body 
vt. 

83 

73 

72 

76 

76 

gram 

6.81 

732 

6.98 

7.61 

6.91 

6.23 

I per 

3.99 

4.07 

4.17 

4.36 

4.57 

4.26 



mgm. 

per 

cent 

21.2 

28.7 

323 

31.2 

28.7 

27.5 

mgm. 

per 

cent 

53 

1.4 

1.0 

0.9 

0.7 

0.5 

per 

cent 

383 

5.0 
33 

2.0 
2.0 
2.0 

units 

23 

12 

13 

12 

8 

9 

1.282 

1.451 

1,483 

1345 

1348 

1.498 

m, eq. 
cone, 
per 
liter 
96.8 
101.0 

103.0 

104.0 

107.0 

rn. eq. 
cone, 
per 
liter 

50.0 

92.0 

82.0 
87.S 

1 



12 

7 

56.6 

46 

242 

49 

90 

6.25 

3.97 

2.28 

1.7 

25.0 

5.0 

35.5 

21 

503 

97.0 

17.0 

55 



16 

11 

56.0 

46 

224 

46 

85 

5.85 

4.09 

1.76 

23 

25.0 

5.0 

33.5 

21 


102.0 

41.0 

92 



23 

18 

56.6 

45 

223 

45 

82 

6.23 

4.07 

2.16 

1.9 

28.7 

1.9 

8.0 

17 


101.0 


116 



30 

25 

57.1 

45 

216 

40 

72 

6.24 

4.21 

2.03 

2.1 

26.2 

0.9 

10.0 

13 

1358 

103.0 


144 



36 

31 

57.0 

47 

217 

40 

75 

7.33 

4.83 

2.50 

13 

263 

1.0 

5.0 

14 

1.341 

102.0 


134 



51 

46 

57.4 

47 

219 

41 

77 

6.85 


2.15 

2.2 

28.7 

0.6 

6.0 

10 

1329 

103.0 



11 

22 

10 

10 

85.8 

51 

200 

41 


5.79 

3.55 

2.24 

1.6 

21.2 

7.8 

43.0 

16 

601 

90.8 

27.8 

55 



20 

20 

83.8 

SO 

187 

43 


6.91 

3.94 

2.97 

13 

18.7 

3.4 

11.0 

21 

1.520 

96.0 

107.0 

171 



26 

26 

84.0 

49 

182 

38 


7.46 

4.25 

.3.21 

13 

30.0 

1.9 

10.0 

15 

1.367 

99.0 

139.0 

200 



33 

33 

82.8 

47 

166 

39 


7.06 

4.43 

2.63 

1.7 

31.2 

13 

4.5 

10 

1.407 

99.0 

103.0 

132 



37 

37 

82.4 

48 

163 

36 


6.51 

4.54 

1.97 

23 

323 

1.2 

2.5 

10 

1.391 

103.0 

139.0 

204 

12 

23 

17 

■n 

57.3 


194 

45 

84 

7.23 

3.75 

3.48 

Rl 

30.0 

2.8 

23.0 

17 

1376 

983 

83.0 

111 



27 

mim 

57.7 



47 

89 

6.90 

4.45 

2.45 

1.8 


1.4 

s.o 

IS 

1.409 

103.0 

110.0 

254 



33 


57.0 


193 

54 

100 

6.97 

4.40 

237 

1.7 


13 

5.0 

12 

1.677 

101.0 

96.0 

230 



40 

Kl 

58.5 



49 

91 

6.93 

4.S9 

2.34 

2.0 

16.4 

0.8 

2.0 

9 

1,506 

102.0 

123.0 

262 



47 

40 

59.7 

47 

198 

40 

75 

6.89 

4.86 

2.03 

2.4 

21.2 

0.7 

23 

6 

1367 

100.0 

139.0 

261 


■ 

59 

52 

61.3 

51 

192 

40 

81 

7.31 

531 

2.00 

2.7 

30.0 

0.6 

2.0 

4 

1.484 

102.0 

141.0 

266 

13 


■ 1 

12 

61.0 

48 

184 

55 

106 

6.63 

3.83 

2.80 

1.4 

26.2 

8.9 

373 

8 

725 

97.0 

55.6 

ISI 




18 

61.2 

48 

175 

46 

88 

6.61 

3.69 

2.92 

13 


2.9 

18.0 

8 

1342 

98.0 

78.8 

248 



l] 

25 

61.6 

46 

171 

59 

91 

6.71 

439 

232 

13 

373 

1.6 

2.0 

8 

1.710 

105.0 

87.0 

20S 



B >1 

33 

62.4 

44 

171 

54 

97 

739 

4.95 

2.44 

2.0 


1.2 

1.2 

5 

1,398 

104.0 

88.0 

210 



B 

42 

63.7 

49 

172 

44 

86 

7.45 

4.87 

2.58 

1.9 

173 

0.7 

2.0 

6 

1.384 

102.0 

101.0 

213 

■■ 

H 

■E3 

6Q 

65.1 

49 

173 

40 

79 






0.6 

03 

7 


102.0 

100.0 

2Q6 


Q 

19 

14 

80.1 

44 

196 

49 

87 

6.21 

2.80 

3.41 

0.8 

31.2 

23.2 

52.0 

37 

612 

9S.2 





27 

22 

77.9 

43 


43 

76 

6.11 

2.7S 

332 

0.8 

323 

18.2 

49.0 

30 

522 

99.1 

21.0 

56 



35 

30 

75.6 

41 

198 

46 

78 

IBS! 

3.24 

2.83 

1.1 


13.0 

393 

28 

752 

101.0 

30.8 

78 



41 

36 

74.9 

41 


S3 

91 

6.03 

332 

230 

1.4 

35.0 

6.9 

27.5 

27 

703 

104.0 

82.0 

236 




42 

75.6 

40 

201 

46 

76 

5.94 

333 

2.61 

13 

21.2 

4.6 

16.0 

19 

1.010 

103.0 

92.0 

225 



55 

50 

75.5 

41 

188 

45 

77 

6.77 

ESI 

2.76 

13 

273 

3.4 

17.0 

17 

1,048 

101.0 

103.0 

215 



62 

57 

76,1 

41 

186 

41 

69 

6.38 

3.7( 

2.68 

1.4 

28.7 

23 

10.0 

11 


104.0 

75.0 

237 



69 

64 

77.8 

41 

189 

39 

66 

532 

3.71 

1.81 

2.0 

273 

1.7 

103 

11 


102.0 

50.0 

157 



76 

71 

77.8 

43 

182 

44 

78 

6.67 

3.86 

2.81 

1.4 

31.2 

1.4 

7.0 

9 

1.062 

103.0 

56.8 

165 


■ 

m 

78 

78.2 

44 

183 

36 

65 

6.54 

3.95 

2.59 

1.5 

273 

1.0 

■a 

9 

l.lOl 

101.2 

67.0 

163 


* 5 mgm. per kgm. of “body weight; 45-tninute interval, 

t Urine volume excreted during 4-hour period following ingestion of 1,500 ml. of water under basal conditions. 


minute specimen), and the thymol turbidity reaction of 
the scrum. These measurements and tests were per- 
formed each week and correlated with the above described 
body fluid measurements (Table I and Figure 3). The 
total plasma protein and albumin and globulin fractions 
were determined by a salting out procedure in which 
micro-digestion and Nesslcrization were used (17). The 
plasma bilirubin method of Malloy and Evelyn (18) was 
adapted to the Coleman Jr. spectrophotometer, as was 
the bromsulfalein test (19) and the thjTnol turbidity re- 
action of the scrum (20, 21). Blood chlorides were meas- 
ured according to the methods of Wilson and Ball (22) 
on blood samples collected under oil. The same method 
"as also applied to urine and all values were expressed 
as millicquivalcnts of chloride per liter. 

In an attempt to reveal water storage and to give 
qu.intitativc expression to the tendency for fluid retention, 
t patients under study were periodically “challenged" 
witi a w-atcr tolerance test (2.>). Under basal conditions 
t. e patients drank 1,500 ml. of tap water in a 20-mimrte 


period or less and the volume of urine e.xcreted cverj- half 
hour for the first hour and every hour thereafter for a 
total period of 4 hours was recorded. These tests were 
not undertaken on the days that the body fluid compart- 
ments were measured. 

RESULTS 

In Table I are shown the correlated data ob- 
tained in each case during simultaneous observa- 
tions on bod}’ fluids, water tolerance, tests of 
liver function and measurements of the hematocrit, 
plasma proteins, and cltlorides at periodic inter- 
vals in the course of aaite hepatitis. 

It is apparent th.at all patients exhibited greater 
thiocyanate spaces during the acute phcise of licpa- 
titis than later in the cour.<e of convalc'ccnce. Ti'.e 
absolute and percentile increase in cadi case nvay 
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be seen by reference to Table II. Altbongli great 
individual variation is evident in the degree of 
change seen, the average expansion of this com- 
partment over the lowest convalescent level was 
24.5 ml. per l<gm. of body weight which repre- 
sents a 13.5 per cent increase. With the exception 
of case 3, the plasma and blood volumes were also 
expanded during this period, less in ab.solutc 
amount than the thiocyanate space, but greater 
when considered in terms of per cent of the 
lowest convalescent values. Although the average 
increase in plasma volume was 9.3 ml. per kgm. 
of bod}’’ weight, and the same value for blood vol- 
ume was 18.9 ml. per kgm., the per cent increase 
in these two compartments was 23.4 per cent and 
27.1 per cent, respectively. Since these two fig- 
ures indicate relatively identical percentage en- 
largements, it is evident that expansion of both 
the plasma and blood volumes during the acute 
phase of hepatitis occurs in a symmetrical manner. 
The increase in total circulating red cell volume, 
therefore, must keep pace with the swelling plasma 
volume, resulting in minimal alterations in the 
venous hematocrit throughout the course of ill- 
ness. The acute phase of infectious hepatitis in 
comparison to convalescence is, therefore, char- 

table ii 

Tabular listing of 14 cases of acute infectious hepatitis to 
illustrate the absolute and percentile expansion of the thio- 
cyanate space, plasma volume, and blood volume during the 
acute phase, with the lowest coyivalescetit values as a base line 



1 

1 Increase m 

Increase in 

Increase in 

Case 

number 

j thioeyanate space 

plasma volume 

blood volume 





1 




Increase j 


Increase 1 


Increase 


ml. per 
kgm. 

per cent 

ml. Per 
kgm. 

per cent 

vtU per 
hsvt. 

Per cent 


30 

17.7 

10 

33.0 

23 

37.1 

2 

21 

10.7 

18 

48.0 

40 

59.8 

3 

21 

14.2 

-5* 

-10.0* 

-13* 

-12.5* 

4 

28 

16.5 

12 

29.3 

25 

30.6 

5 

56 

27.7 

7 

19.2 

18 

26.6 

6 

12 

7.1 

20 

52.6 

40 

54.8 

7 

17 

10.7 

8 

9.5 

17 

22.7 

8 

40 

19.5 

8 

22.9 

17 

25.7 

9 

27 

14.1 

5 

12.8 

7 

9.2 

10 

25 

11.4 

9 

22.5 

18 

25.0 

11 

37 

22.7 

5 

13.9 

14 

20.2 

12 

■ 2 

1.0 1 

5 

12.7 

9 

12.0 

13 

13 

7.6 

15 

37.2 

27 

34.2 

14 

14 

7.7 

13 

36.1 

22 

34.1 

1 

Average 

increase 

24.5 

13.5 

9.3 

1 23.4 

1 

18.9 

27.1 



Fin. 1. Ai.tehations is TniocvASAtK Si’ace is 14 
Patiksts Dunisn the Coursf. of Acutf Isfectiou.'; 
HF-PATITIS 


actcrizcd by an increase in both total red cell 
volume and plasma volume [polycythemic hyper- 
volemia (38)]. 

The rate of fall in the individual fluid compart- 
ments with recover}' may be seen by reference to 
the individual columns in Table I. The composite 
values for the thiocyanate space throughout the 
course of illness are graphically represented in 
Figure 1. The rate of fall in this compartment 
was greatest during the first week of hospitaliza- 
tion and was usually detectable by a loss in body 
weight quite comparable to the amount of fluid 
lost by reduction in the size of this compartment. 
When mobilization of this fluid space occurred 
rapidly, a detectable diuresis appeared (Figure 3). 
Despite the demonstration of an expanded thiocya- 
nate compartment in every case studied, edema 
and ascites were never clinically apparent. 

The variable urine volume following ingested 
water during these periods was of particular in- 
terest. The water tolerance test previously de- 
scribed yielded progressively larger excretory vol- 
umes during the course of convalescence. The 
greatest increase in the output of urine following 
the 1,500 ml. drink of water occurred when the 
thiocyanate space was maximally contracting and 
was thought to indicate a decreasing tendency to 
retain water. The excretion patterns obtained at 
different periods of illness were quite distinct. An 
example of delayed urine output following the 
test dose of water given during the most acute 
phase of illness is illustrated in the slowly rising 
pattern of Figure 2A (case 10). In this instance 


* Decrease. 
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r.xcpct,ion Patierjis of the Voter Tolerance Teat 
during the Course of Acute Infectious HepatiTls 


A 


500'- 

l/pine 




"toi 

‘li 


jiJiJBJiJI 


12J4 ItJ 


J>ay of 
di&ea?>e 
To’.cl urine 
excreted (ccj 


14 

505 


:i 

1170 


7B 

1559 


35 

1341 


M 

1529 




, jL-^^ijILijIdjllLl 

KouPfi 1114 1114 1214 1234 1?14 




excreted (cc) 


519 


1459 


Fig. 2. Excretion Patterns of the Water Toler- 
ance Test During the Course of Acute Infectious 
Hepatitis 


there was a step-wise increase in urine volume 
over the 4-hour period of observation. Later in 
convalescence larger amounts of urine were ex- 
creted in the earlier time periods of the test and 
a “shift to the left" occurred in the pattern (23). 
The total urine volume of the test period likewise 
increased with convalescence. The peak of ex- 
cretion during the recovery period was usually 
reached in the second hour of the test. In many 
cases these peaks were conspicuous (Figure 2B, 
Case 3) and increased in size as the patient re- 
covered. With the adjustment of the thiocyanate 
space to base line convalescent levels, little tend- 
ency to retain ingested water was noted as meas- 
ured by the water tolerance test and almost the 
entire volume of ingested water was excreted 
within the 4-hour period and often surpassed. 

Tests of liver function applied during the ob- 
ser\’ations of fluid shift indicated progressive res- 
toration of function. The extent of hepatic con- 
trol over the dynamics of this shifting fluid pattern 
be appreciated from tlie fact that the largest 
movements in body fluid occurred during those 
periods of greatest improvement in hepatic func- 
tion and were most apparent during the first t^vo 
uccks of hospitalization. Following this period, 
both hepatic function and fluid shift moved less 
rapidly towards stabilization. 


A slight depression of plasma protein concen- 
tration was observed during the acute phase of 
illness that was undoubtedly due in part to the 
hypervmlemia and in part to nutritional factors. 
These changes were of too little magnitude to have 
been influential in affecting the fluid movements 
described above. However, a secondary rise in 
plasma volume was noted in cases 2, 3, 7, 12, 13 
and 14 during the second week of recovery which 
often approached the level of the plasma volume 
obtained during the early acute phase of the dis- 
ease. This may have been due to the slight but in- 
constant rise in the total circulating albumin which 
occurred at this time, possibly on the basis of en- 
hanced nutrition and improvement in albumin syn- 
thesis by the liver. 

The behavior of the plasma and urine chlorides 
during the course of acute hepatitis was thought to 
be of importance because of the previous demon- 
stration of chloride retention in cirrhosis and liver 
atrophy (24, 25), sodium retention in “catarrhal" 
jaundice (26), and disturbance in the metabolism 
of inorganic salts of the blood and tissue in various 
hepatic diseases (27). In addition, it had been 
shown that depressed plasma and urine chloride 
levels develop in animals following acute liver 
injury by arsphenamine (28). 

On admission, the majority of patients revealed 
low plasma chlorides varying from 90 to 98 meq. 
per liter. The urine chloride concentration and 
total 24-hour urine chloride excretion were simi- 
larly depressed at this early period. With recovery 
and mobilization of the e.xpanded thiocyanate 
space, the plasma chlorides rose and increasing 
amounts of chloride appeared in the urine. This 
rise could not be explained wholly by the chloride 
intake of the patient which was kept constantly be- 
tween 9 and 10 grams daily, because it often oc- 
curred several days after the beginning of the 
constant salt intake. More often these adjust- 
ments awaited the contraction of the thiocyanate 
fluid compartment. In the presence of an in- 
creased thiocyanate compartment, as well as an 
increased plasma and blood volume, it was difficult 
to attribute the low urine volume, depressed urine 
cliloridcs, and tendency for water stor.agc to simple 
dehydration (29). It was iielievcd on tlic ba'is 
of these obserrations. tiiereforc, th.at incrca'c'l 
am.ounts of chloride were lield in the c.xp.-.r.ded 
thiocyanate compartment durir.ij t'ne ar.i’.e 'tart of 
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hepatitis, in compliance with tlic law.s of {lifTusion 
equilibria, and that with contraction of this com- 
partment during recovery, increased quantities of 
chloride were mobilized and appeared in greater 
amounts in both plasma and urine. 

Presentation of data from case 10 (Figure 3) 
with a description of the course of the disease will 
serve to correlate move clearly the movements of 
body fluids, the tendency to store fluid, the al- 
terations in blood constituents, and the state of 


liver function during the course of acute infectious 
hepatitis. 

t'. J. a .t-t*ycar-nlfl naval liciitcnatU connnatvlcr, 
\va.s admittcfl lo tlic Hospital of The RfKhcfcllcr Institute 
on Marcli 24, 1946, complaininp of jaundice. Twelve 
days before admission lie had developed a mild licadachc 
followed hy anorexia, malaise, Rcneralircd muscular aches, 
and lassitude. He went to bed anrl felt slif;htiy better 
after 3 days of rest, fluids, and a moderate foo<l intake. 
Diirinp: tin’s time liglit tan stools were passed anrl 2 days 
later darkening of the urine appeared. By March 22, ic- 
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Fig 3. The Data from Case 10 Correlating the Alterations of the Body Fluid Compartments, "Water 
Tolerance Blood Constituents, Chlorides and Water Balance with Recovery of Liver Function During 
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tcrus of the sderae was noted but he was better able to 
cat and maintain his fluid intake. There was no history 
of previous illness, transfusions, inoculations or exposure 
to toxic chemical agents. One month before onset, how- 
ever, the patient’s fiancee had developed acute infectious 
hepatitis and was moderately ill for a period of 10 days. 
Physical examination of the patient on admission revealed 
a lean, muscular, adult male with a rectal temperature of 
99.2® F.; he appeared to be moderately ill. There was 
marked icterus of the skin and sclerae. No rash or spider 
angiomata was discernible. The edge of the liver \vas felt 
1.0 cm. below the costal margin and was tender; the tip 
of the spleen descended one finger’s breadth below the 
left costal margin. There was no apparent edema or as- 
cites. The remainder of the physical examination was 
negative. 


Laboratory data on admission revealed a hematocrit of 
46, normal blood counts, a negative urine examination, 
urine specific gravity 1.010, serum bilirubin of S mgm. per 
cent, bromsulfalein retention of 3S.5 per cent, and a thymol 
turbidity reaction of 21.3 units. The total plasma pro- 
teins were 6.25 grams per-cent, albumin 3.97 grams per 
cent and globulin 2.28 grams per cent with an A/G ratio 
of 1.7. 

The patient was given the diet and salt intake previously 
prescribed for this group and careful measurements of 
fluid intake and urine output were begun. 

The patient was completely afebrile while in the hos- 
pital. Following the institution of bed rest and adequate 
nutrition, recovery proceeded without complication. The 
urine became lighter, increased color appeared in the 
stool, icterus diminished and disappeared. The liver and 
spleen receded in size, finally becoming impalpable. 


The initial measurements of the body fluid com- 
partments were undertaken the day following ad- 
mission. The first 2 hospital days were marked 
by a fall in body weight amounting to 0.8 kilo- 
gram. Parallel tvith this, the thiocyanate space 
contracted from 237 ml. per kgm. of body weight 
to 223 ml. per kgm. of body weight. This repre- 
sented a contraction of 14 ml. per kgm. of body 
weight or a total of 784 ml. which could quite ac- 
curatclj' account for the drop in body weight de- 
scribed above if this fluid volume was simultane- 
ously excreted. A slight decline in blood and 
plasma volume accompanied these changes. Dur- 
ing con\'alcscence there was marked improvement 
in the tests of liver function and the final v-alue 
for the thiocyanate space was 215 ml. per kgm. 
after recovery was complete. 

In spite of a fluid intake of 3.000 ml. to 4.000 ml. 
from the time of admission, the urine volume re- 
mained small. In addition, the plasma and urine 
chloride concentrations remained low. The water 


tolerance test, performed on the third hospital day, 
yielded only 503 ml. of urine following the inges- 
tion of 1,500 ml. of tap water. By the 17th day of 
illness, when marked improvement in liver func- 
tion was evident, there appeared an increase in 
urine output which approximated 85 per cent to 
90 per cent of the fluid intake for any given day. 
-Although the salt intake had been maintained be- 
tween 9 and 10 grams since admission, chlorides 
did not appear in the urine in increased amounts 
until this period of diuresis. On the 21st day of 
illness, 1,170 ml., or more than double the previous 
urine volume, was excreted during the w'ater tol- 
erance test. Subsequent tests showed slight in- 
crease over this value (Figure 2A). For the re- 
mainder of the period of study the daily urine 
volume remained at normal levels. A weight gain 
appeared in the mid-period of recovery which was 
probably a result of improvement in nutrition and 
liver function. By the time of discharge from the 
hospital the gain in body weight had been held, 
liver function had been adequately restored, and 
recovery was considered complete. In addition, a 
10-day leave period had been tolerated without 
difficulty. The minimal fluctuations in plasma 
protein concentration noted during the course of 
illness bore no constant relation to the alterations 
of body fluids described above. Throughout the 
period of hospitalization, dehydration, edema, and 
ascites had never become clinically evident. 

DISCUSSION 

The expanded thiocyanate compartments and 
the relatively poor water tolerance of patients dur- 
ing the acute phase of infectious hepatitis sub- 
stantiate the concept of Jones and Eaton (6) that 
increased water storage occurs during this period 
of the disease. It was also their suggestion that 
the diuresis of convalescence resulted from im- 
proved hepatic efficiency, and that this resulted in 
a “shift of fluid from the tissues or serous cavities 
to the blood stream with the ultimate establishment 
of diuresis.” In keeping with these suggestions, 
the sliifts of body fluid, as demonstrated by tr.e 
present study with methods that offer quantitation 
of individual fluid compartments, reveal s’nrinkagc 
of the thioc^-anate compartment during recovery 
with an accompanying rise in u'rinr fiutp-.u. 'H.'c 
tendency to retain water durittg ac-.tte b.'-y-itir. in- 
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sufficiency, as exj}rcsscfl by the water tolerance 
test, has been noted to occur in infectious hepa- 
titis (23) as well as in acute liver injury produced 
by chemical substances (28, 30). In the partially 
hepatectomized dog, hydrotborax may develop 
within a few days of operation, often of sufficient 
amount to drown the animal (31). Ascites may 
also appear despite the pre.sence of an Eck fistula. 
In addition, total extirpation of the liver in frogs 
has been shown to result in tremendous edema 
(32) and decreased water tolerance (33). The 
oliguria and anuria of yellow fever are reported to 
be most severe in those cases in which there is a 
correspondingly great amount of hepatic necrosis 
(34). It has been suggested that the increased re- 
tention of water resulting in hyperhydration of 
the body because of damage to organs such as the 
liver might sen^e a useful purpose in diluting and 
overcoming the harmful effects of too great a con- 
centration of injurious substances formed during 
infection (35). Similar water retention phenom- 
ena have been produced by dietary liver injury 
as demonstrated by the experiment in which rats 
kept on a high fat diet when dehydrated retained 
more from a given quantity of water than did 
normally fed animals under the same conditions 
(36). 

The expansion of the thiocyanate space during 
the acute phase of hepatitis, together with the en- 
larged plasma volume, signifies a general disten- 
sion of all the extravascular spaces. The minimal 
change in the venous hematocrit noted throughout 
the course of hepatitis,. despite the increased plasma 
■ volume, must indicate a symmetrical enlargement 
of the total red cell volume. However, the slight 
reticulocytosis during this period- of the disease 
could not account for the increase in the red blood 
cell volume on the basis of the formation of new 
red cells, although extramedullary hematopoiesis 
has been reported in fatal cases of acute liver dis- 
ease (37). A partial explanation may reside in 
the fact that the acutely inflamed liver fails to store 
blood efficiently with the result that more blood 
remains in the general circulation (38, 39). Dur- 
ing the acute stage of hepatitis, wide-spread edema 
and necrosis occupy much of the liver substance 
(40, 41) which, under these circumstances, prob- 
ably contains relatively less blood. In addition, 
sinusoidal congestion is more evident during the 
healing phase of hepatis. Although there is no 


information available relating to the hepatic blood 
flow and total blood contained within the liver 
during acute infectious hepatitis, it is not unrea- 
sonable to consider that acute inflammatory dis- 
ease of the liver might .shunt large amounts of 
blood to tlic general circulation. Simple hyper- 
volemia has been reported in cirrhosis of the liver 
(42, 43). 

A partial explanation for the maintenance of the 
hematocrit in the face of an expanded plasma vol- 
ume might be found in the slight macrocytosis of 
acute hepatitis. Variations in the Mean Cor- 
puscular Volume of from 95 cu. /i to 120 cu. /t and 
in the Mean Corpuscular Hemoglobin Concentra- 
tion of from 28 per cent to 35 per cent, have been 
encountered in hepatitis (44, 45), suggesting that 
the red cells may be swollen during the acute phase 
of jaundice but gradually return to normal size 
with recovery of the patient. 

The results of the investigations cited above have 
scn'cd to indicate in outline the conditions under 
which water retention may occur in the presence 
of diminished liver function, and have pointed out 
the possible factors believed to be responsible for 
the expansion of the plasma and blood volumes 
during acute hepatitis. There remain to be defined 
the forces underlying this shifting fluid pattern. 

The exact role of the kidney in relation to these 
movements of fluid in liver disease has never been 
established. While the “hepato-renal” syndrome 
clinically suggests that disastrous disturbances in 
water balance may occur under combined hepatic 
and renal control, biochemical and metabolic stud- 
ies of this state have failed to disclose what funda- 
mental mechanisms are aberrant (46, 47). 

The fluid content of the tissues has been con- 
sidered to be under hepatic control by virtue of 
metabolic (48) and hormonal regulation (49, 50, 
51 ). Relevant to this concept are the unconfirmed 
data indicating that the acute phase of hepatitis is 
accompanied by an increase in the urinar}'^ excre- 
tion of biologicall}' active estrogen (52). The 
water-storing influence of active estrogen is well 
recognized and is commonly encountered in the 
premenstrual state when there may occur edema, 
swelling of the breasts, and a gain in body weight 
(53). 

A recent report (54) indicated that the urine 
of patients with cirrhosis and ascites, when injected 
into hydrated rats, delayed the excretion of urine. 



FLUID SHIFTS IN THE BODY IN ACUTE LIVER DISEASE 


351 


When the urine of cirrhotic patients in whom as- 
cites had been controlled was injected, it was found 
to have antidiuretic activity greater' than normal 
urine but less than urine from ascitic patients. 
In 6 patients with cirrhosis, re-accumulation of 
ascitic fluid ceased with dietary therapy and intra- 
venous liver extract before demonstrable increase 
in the plasma albumin levels. This experience has 
been confirmed (55) and emphasizes the impor- 
tance of factors other than the serum proteins that 
may have influence over water storage during liver 
disease. This has been a matter of comment in 
reference to the general problem of edema for 
many years (56). 

The serum protein concentration and total cir- 
culating protein exhibited little alteration during 
the course of acute hepatitis in the 14 patients in 
the present study and bore no constant relation to 
the changes in plasma volume. The quantitative 
changes in the plasma proteins that may occur in- 
dependent of alterations in the plasma volume 
have been reported experimentally and are to be 
found especially where nutritional features are of 
great importance (57). The results of the pres- 
ent work, therefore, suggest that factors other than 
the simple effect of the serum proteins account for 
water storage and decreased water tolerance dur- 
ing the acute phase of jaundice and the movement 
of water from the interstitial fluid spaces vnth re- 
covery. Reference to the antidiuretic principle, 
therefore, seems to be pertinent. The pituitarj' 
origin of this substance has been suggested (58, 
59) but requires further elucidation. Heller and 
Urban (60) have demonstrated that normal liver 
in vitro possesses great capacity to adsorb (in- 
activate) the antidiuretic principle of the posterior 
lobe of the pituitarj- when compared with blood, 
muscle, brain and kidnejL Boiled liver tissue, how- 
ever, was completely ineffective. In addition, fol- 
lowing the intravenous injection of large doses 
of pituitrin, there was rapid disappearance of anti- 
diuretic activity from the circulating blood. These 
experimental data suggest that the normal liver in- 
activates the antidiurctic principle and thereby 
maintains normal diuresis and body water content. 
Ill acute hepatitis it is conceivable, therefore, that 
vlth diffuse hepatic damage and depression of 
liter function, this inactivation is incompletely 
perfonned and water retention results. 'Wh’th re- 
coicry and improvement in hepatic cfncicncy, in- 


activation of the antidiuretic principle is resumed, 
resulting in diuresis and shrinkage of the thio- 
cyanate space to a normal volume. Bioassays of 
the antidiuretic substance in the urines of patients 
with acute infectious hepatitis are now under -way 
in this laboratorjL 

SUMMARY 

1. Periodic observ'ations of the thiocyanate space, 
total blood and plasma volumes were undertaken 
during the hospital course of 14 patients with 
acute infectious hepatitis under conditions of rigid 
water balance and correlated with measurements 
of plasma and urine chlorides, the tendency to 
retain ingested water as measured bj' a water toler- 
ance test, and tests of liver function. 

2. During the acute phase of hepatitis, the thi- 
ocyanate compartment and blood and plasma vol- 
umes were found to be expanded. Depressed 
plasma and urinary chlorides as well as an in- 
creased tendency to retain ingested water accom- 
panied these changes. 

3. "With convalescence and improving liver func- 
tion, shrinkage of the thiocj'anate compartment 
and a decrease in the total blood and plasma vol- 
umes occurred. A diuresis and decreased ten- 
dency to retain ingested water were noted at this 
time and a rise in plasma and urinary chloride 
levels followed. 

4. The slight alterations in total circulating pro- 
tein were thought to be attributable to nutritional 
factors and to decreased protein sjmthesis during 
hepatitis and were not considered to be of major 
importance in determining these fluid shifts. 

5. It is suggested that these movements in body 
fluids during acute infectious hepatitis may be di- 
rected by endocrine factors and related to incom- 
plete inactivation of the antidiurctic principle by 
a damaged liver.' 

- Recent studies by Short, Zweifacii and FurdwoU 
(Science, 1945, 102, 489) have indicated tiiat a vaso- 
depressor substance of hepatic origin (VDM) is asso- 
ciated witli the opening: tip of the capillars- bed during the 
dcconipensatory stage ot cxpcrirncntal s);or);. More re- 
cently, in studies with Furth and Sobol, they have aho 
been able to defect VDyf in the bloc*-! of mice v.if.h gran-j- 
losa cell tumors, conc-jrrent v.ith the dcvcF'pment of hy- 
pervolemia in these animals (Science, 19t7. lOS. -^1). 
VDM was also shov.n by them to aiT-csr in the 1,1'>>I r.t 
human beings with liver cirrh.otis during ;TTi>ls e; 1 e- 
luitic decompensation an! in ti-.e an! !!-. rr v.t.'', < -i 

rats v.ith experimental hepatic cirrh- -i' rinaV.i a 
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In this paper we are reporting the results of a 
study of the distribution of ascorbic acid in the 
blood in human subjects and in guinea pigs. 

EXPERIMENTAL 

Fifty healthy medical students (47 males and 3 females) 
on self-selected diets and 50 patients (41 males and 9 fe- 
males) in a municipal hospital were studied. Oxalated 
blood samples were collected under fasting conditions 
about 15 hours post-prandial. The ascorbic acid con- 
tent of the whole blood and the plasma was determined by 
the method of Roe and Kuether (1). The concentration 
of ascorbic acid in oxalated whole blood and plasma was 
also determined by the same method in guinea pigs upon 
an apparently adequate diet (2) made up to contain dif- 
ferent levels of ascorbic acid. 

RESULTS 

The results of our studies with healthy human 
subjects are shown graphically in Figure 1. Since 
all bloods were collected approximately 15 hours 
after food intake, the values may be considered as 
representing equilibrium conditions. The distribu- 
tion ratio of ascorbic acid in the plasma to that in 
the whole blood follows a characteristic pattern. 
At whole blood levels below 0.6 mgm. per 100 
ml., the plasma concentration was lower than the 
whole blood concentration in all cases. At whole 
blood levels ranging from 0.6 to 0.9 mgm. per 100 
ml., the plasma concentration was either equal to, 
or slightly greater or less than, tlie whole blood 
concentration ; in other words, at these levels, the 
plasma and whole blood concentrations approached 
cadi other verj* closeN. At whole blood levels 
above 0.9 mgm. per 100 ml., the plasma concentra- 
tion Was higher than the whole blood concentration 
m all instances, except one. 

The results shown in Figure 2 with 50 hospital- 
ized patients suffering serious illness are in strik- 
ing contrast to those obtained witli healthy hu- 
man subjects. In these patients, the ascorbic acid 
of the plasma was lower than that in the whole 
blood in all cases. The clinical diagnoses made in 
this group of patients were as follows ; Pulmonaiy 


tuberculosis, hyperthyroidism, syphilis, glomerulo- 
nephritis, portal cirrhosis, hepatitis, diabetes mel- 
litus, carcinoma, pernicious anemia with cellulitis, 
cystitis, pyelonephritis, duodenal ulcer, Addison’s 
disease, rheumatoid arthritis, and cardiovascular 
heart dis^e. 

In Figure 3 is shown the relation of the level of 
ascorbic acid in the plasma to that in the whole 
blood in 52 guinea pigs fed an apparently adequate 
diet containing different levels of ascorbic acid. 
The same pattern of distribution ratio of ascorbic 
acid in the plasma to that in the whole blood was 
observed in the guinea pigs as in our healthy hu- 
man subjects. The results are not so clear-cut, 
however. We think this was due to the fact that 
smaller samples of blood were collected from the 
guinea pigs than from the human subjects, es- 
pecially the scorbutic pigs, which probably in- 
fluenced the precision of the analytical data ob- 
tained. 

DISCUSSION 

Pijoan and Eddy (3) found the ascorbic acid 
content of the plasma higher than that in the 
whole blood in 12 normal subjects with high as- 
corbic acid blood levels. Heinemann reported tliat 
the concentration of ascorbic acid is consistently 
higher in whole blood than in plasma or serum (4, 
5), in fasting subjects. Stephens and Hawle}’ (6) 
observed that the concentration of ascorbic acid 
was higher in the plasma than in the whole blood in 
12 of 19 normal subjects. With 10 normal subjects 
having whole blood concentrations above 0.8 mgm. 
per 100 ml., Butler and Cushman (7) found tlic 
concentration of ascorbic acid in the plasma higher 
tlian in the whole blood in 3 subjects, lower in 4 
subjects, and the same as in the whole blood in 3 
subjects. With 8 subjects having whole blood 
concentrations lower than 0.23 mgm. per 100 ml., 
K\-hos, Sevringhaus, and Hagedorn (8) found 

h.olc blorri level 
liavinr who'c 
ICO m 


the plasma level lower than th.e 
in all cases: and. with 9 subjc-cts 
blood levels above 1.17 mgm. p-er 
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Fig. 1. The Relation of the Level of Ascorbic Acid in the 
Whole Blood to That in the Plasma in 50 Healthy Human 
Subjects 


authors found the plasma content higher than the 
whole blood content in 2 instances and lower in 7 
instances. Lubschez (9) made a study of Avhole 
blood and plasma concentrations of ascorbic acid 
in 63 subjects. She found that the majority of 
whole blood values were higher than the plasma 
values and that the relation between plasma and 
whole blood concentrations did not show any trend 
at different levels. 

Our data upon subjects having high blood levels 
of ascorbic acid are in agreement with the work 
of Pijoan and Eddy (3) ; and our results with 
subjects having low blood levels agree with those 
data in the report of Kyhos, Sevringhaus, and 
Hagedorn (8) dealing with low blood levels. We 
are unable to explain the disagreement of our 
data with Heinemann’s results, unless it is due to 
the different methods of analysis used. It is sug- 


gested that some of the opposite results in th( 
literature may be reconciled by a recognition o 
the effect of the concentration of ascorbic acid ir 
the blood upon its distribution between plasma anc 
whole blood. It also appears desirable for data tc 
be classified on the basis of whether the subjects 
are healthy or are suffering from some underlying 
disease that may alter the metabolism of vitamin C, 
In our normal subjects the data show that the 
distribution of ascorbic acid between the plasma 
and the whole blood is related to the level of as- 
corbic acid in the blood. At high blood levels the 
plasma concentration is higher than the whole 
blood concentration; at intermediate blood levels 
the plasma and whole blood concentrations are ap- 
proximately the same ; and at low blood levels the 
plasma concentration is considerably lower thar 
the whole blood concentration. 


DISTRIBUTION OF ASCORBIC ACID IN THE BLOOD 
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Fig. 2. The Relation of the Le\'el of Ascorbic Acid in the Whole Blood 
TO That in the Plasma in SO Patients 


In guinea pigs upon the levels of ascorbic acid 
fed in our studies it has been observed that the 
concentration of ascorbic acid in the blood varies 
directly with the intake of this vitamin as shown 
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'ir.. Tuf. Relation* of the Level of Ascofeic 
• UD i.v Tilt \\ iHMj Biood to That in the Plasma in 

UriNI;^ Bits 


in Figure 3 (2). In normal human subjects it is 
well-accepted that the blood level of ascorbic acid 
parallels the dietary intake of the vitamin up to 
a point where- massive doses are administered (10 
to 14). The unexplained effect of massive doses 
of ascorbic acid, observed b}' Wilson and Lub- 
schez (14), was not present in our normal human 
subjects. In view of the evidence upon the rela- 
tion of intake to the blood level of ascorbic acid 
and our observations upon the effect of blood level 
upon tlie distribution of ascorbic acid in blood, it 
is suggested that the change in the ratio of the 
concentration of ascorbic acid in the plasma to 
that in the whole blood in our normal subjects 
(Figures 1 and 3) was due to a parallel variation 
in the intake of ascorbic acid. 

The results of our studies with 50 patients, 
showing that the concentration of ascorbic acid 
in the plasma was lower than that in the wliolc 
blood in all instances, are of considerable interest. 
The concentration of the ascorbic acid in tr.e 
plasma would be expected to be lower tlum tliat 
in the whole blood in patients v.dth w:-.'-,'!.- h'.r^'A 
levels below 0.6 mgm. per I(X) ml., since tiii- di‘^- 
tribution was ohserveil in r.onnrtl snhjtct^ v.itii 
similar b’o--Nl levt-b. lli-.v.-evcr. th.e rdr.-rnri 
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tent was lower than the whole blood content in 
15 subjects with blood levels above 0.6 wgm. per 
100 ml. Furthermore, comparison of Figure 2 
with Figure 1 clearly shows that, at the same 
whole blood levels, the ratio of the plasma con- 
centration to the whole blood concentration is 
considerably lower in the patients than in the 
healthy subjects. Therefore, in the patients, 
other factors, not in operation in the healthy sub- 
jects, contributed to the production of a concentra- 
tion of ascorbic acid relatively lower in the plasma 
than in the whole blood. The most probable ex- 
planation of this finding is that in patients with 
serious illnesses there is a greater need for ascorbic 
acid because of the underlying pathologic proc- 
esses, and this need is supplied b}' a more rapid 
withdrawal of the vitamin from the plasma than 
occurs in healthy subjects. 

SUMMARY AND CONCLUSIONS 

1. A study of the distribution of ascorbic acid 
in the blood in human subjects and in guinea pigs 
has been made. 

2. In 50 fasting healthy human subjects, the 
following was observed : At whole blood levels of 
ascorbic acid below 0.6 mgm. per 100 ml., the 
plasma content was lower than the whole blood 
content; at whole blood levels about 0.6 to 0.9 
mgm. per 100 ml., the concentration in the plasma 
was approximately the same as in the whole blood ; 
at whole blood levels above 0.9 mgm. per 100 ml., 
the plasma content was higher than the whole 
blood content. 

3. In 52 non-fasted guinea pigs the distribu- 
tion of ascorbic acid between the plasma and the 
whole blood followed the same pattern as ob- 
served in healthy human subjects. 

4. In 50 hospitalized fasting patients with vari- 
ous diseases, the concentration of ascorbic acid in 
the plasma was lower than that in the whole blood 
in all instances. 

5. It is suggested that in normal subjects the 
change in the ratio of the ascorbic acid in the 
plasma to that in the whole blood is due to a paral- 
lel variation in the intake of ascorbic acid and that 
in patients both dietary intake and underlying 
pathologic processes operate to produce the re- 
sulting pattern of distribution of ascorbic acid in 
the blood. 


Wc wish to c.xprcss our tii.nnlrs to Dr. S. Loubc, of 
the St.nfT of the Gailin;:cr Mnnicipai Hospital, for sclcct- 
iiif; the clinical cases studied, and to R. W. Prichard, 
\V. R. Strong’, O. H. Cliristo/Tcr.son, and N. Goldstein, 
of tlic George Wasliington University Medical School, 
for collecting tiie hlood sanii)Ics and laboratory data of 
the patients. 
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An increase in the packed cell volume of the 
blood is a typical finding in the crisis of adrenal 
insufficiency. Swingle, Vars and Parkins (1), by 
direct and indirect (dye method) measurements 
of blood and plasma volumes, demonstrated that a 
reduced plasma volume was the main cause of the 
increase in the relative volume of red cells. In a 
series of papers. Swingle and his coworkers (2, 3, 
4, 5) postulated the importance of impairment of 
capillary tone and consequent increase in capillary 
permeability to protein as an independent factor in 
the causation of reduced plasma volume and of 
circulatory failure in crisis. 

On the other hand, Loeb (6, 7) and Harrop 
(8, 9) focused their attention on the changes in 
the elimination of sodium and potassium by the 
kidneys and on the changes in electrolyte content 
of the blood and their logical consequences upon 
the body fluids. A net loss of sodium could cause 
a depletion of the plasma volume either by carry- 
ing away an equivalent volume of extracellular 
fluid or simultaneously causing a shift of water 
from the extracellular to the intracellular com- 
partment because of the reduction in effective 
osmotic pressure of the extracellular fluid. A net 
retention of potassium might be expected to have 
a similar net effect, namely, a shift of fluid from 
the extracellular to the intracellular compartments. 
According to Harrison and Darrow (10), “Shifts 
in body fluids do not play a deciding role in the 
genesis of symptoms following adrenalectomy' in 
the rat.” Others, however, have found that 
slight hydration of muscle does occur in the rat 
(10) and in the dog (11, 12, 13) in adrenal in- 
sufficiency, being more pronounced in the latter 
animal. 

If the plasma volume were diminished as a re- 
sult of aTiy or all of these aberrations in the regu- 
lation of electrolytes, it should be accompanied 
by a decrease in the interstitial fluid (extraccl- 
lul.ar tissue fluid). And, indeed, since interstitial 
fluid is considered to be .a labile reservoir for the 


plasma volume, one might even expect a greater 
relative change in the interstitial volume than in 
the plasma volume. On the other hand, if de- 
creased capillary tone and increased capillary per- 
meability to protein were the only important fac- 
tors in the reduction of plasma volume, the volume 
of interstitial fluid should show a concomitant 
increase. If both electrolytes and capillary fac- 
tors were important and independent consequences 
of adrenal insufficiency, the changes in interstitial 
fluid might well be very variable. The inter- 
stitial fluid volume might sometimes increase and 
sometimes decrease. If the permeability of capil- 
laries to protein increased as a result of changes 
in electrolytes, e.g. a change in ratio of sodium to 
potassium, a decrease in the interstitial fluid vol- 
ume should be the rule, but it might be very 
variable in extent. A study of interstitial fluid 
volumes in adrenal insufficiency produced under 
different circumstances might thus throw some 
light on the relative importance of the rarious 
factors which have been postulated. So far, the 
only study of tlie interstitial fluid of the body as 
a whole in adrenal insufficiency is that of Har- 
rop (9) on one adrenalectomized dog, which 
showed a striking decrease, supporting the im- 
portance of the electrolyte changes in the pro- 
duction of crisis. 

In the present study, we have measured the 
plasma volume by the blue dye T 1824 and the in- 
terstitial fluid by sulfocy’anate in adrenalectomized 
dogs during adequate maintenance with hormone 
and during crisis after deprivation of hor- 
mone. We have also watched for evidence of still 
another factor in the circulatory failure of crisis, 
namely, impairment of the function of the heart. 
Cleghorn and his coworkers have stressed th.c 
importance of cardiac failure in adrenal insuffi- 
ciency in cats, in dogs, and in patients with .-Xd- 
dison’s disease (14, 15). It may O'Seur in the ab- 
sence of hcmocor.centration or changes in the elec- 


trolyte pattern of the blood and quite apart from 
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ovcr-trcatinciit with clcsoxycorlicoslcronc, ns re- 
ported by Ferrcbcc ct al. (16). Loch (17), too, 
has reported cardiac failure in patients appar- 
ently not over-treated and IVTcGavack (IS) has 
drawn attention to the small size of the heart 
in Addision’s disease. 

A preliminary account of these experiments has 
been reported previously in abstract form (19). 

METHODS 

The following series of experiments were coiuhiclcd; 
Series 1. Seven adrcnalccloinizcd dog.s were studied 
while adequately maintained with cortin (1 ml. twice 
daily) on a diet containing approximately 2.0 per cent 
NaCl. The studies were repeated on the same dogs dur- 
ing crisis after deprivation of cortin. 

Series 2. Three of these dogs, after recovery from 
the experiments of Series 1, were maintained on a low 
salt diet (about 1.0 per cent NaCl) and larger amounts 
of cortical extract (4 ml. twice daily) and the studies 
repeated and again repeated during crisis after depriva- 
tion of hormone. 

Scries 3. Two dogs were maintained on cortin (2 ml. 
twice daily) and dcsoxycorticostcronc acetate (1.25 mgm. 
once daily) with low salt diet and the same studies 
repeated before and during crisis after deprivation of 
both substances. 

Plasma volumes and available fluid volumes were 
measured by tlie method of Gregersen and Stewart (20), 
modified for use with the Evelyn photoelectric color- 
imeter. Available fluid volume is defined as the volume 
in which sulfocyanate would be dissolved in the same 
concentration as in the plasma. Available fluid (A) = 
Q/S, where Q = quantity of sulfoc 3 ’anate injected and S' 
its concentration in serum. This volume includes plasma 
volume and approximately half the red cell volume, 
in addition to some volume corresponding roughly to 
the volume of extracellular tissue fluids. The latter 
hypothetical entity we have called the Interstitial Vol- 
ume (I.V.). It is calculated by the formula I.V. = 
0.9S (A-P — .5C), where P= plasma volume and C = 
erythrocyte volume. No particular significance is at- 
tached in this paper to the absolute value of the In- 
terstitial Volume as defined above. In spite of some 
disagreement (21, 22) as to the meaning of the ap- 
parent volume of distribution of sulfocyanate in the body, 
it is generally conceded that changes in its magnitude 
represent changes in a fluid compartment of the body 
in which many electrolytes diffuse rather freely. De- 
terminations were done during the period of mainte- 
nance and after the development of severe adrenal in- 
sufficiency when loss of appetite, vomiting, weakness, or 
bradycardia had developed. All animals were restored 
by energetic therapy after the determinations in insuffi- 
ciency and were used again. Blood was drawn from the 
jugular vein in an oiled syringe and delivered under oil. 
Urine was analyzed for chloride in daily specimens, for 
sodium in 2-day samples. The analytical methods were; 


sodium [Bnllcr and Tuthill (2.1)], potassium [Shohl and 
Bennett (24) ], chloride (modified Volhard Ilarvcy (25)], 
non-iirotcin nitrogen (Folin and Dennis (26)]. Packed 
cell volume determinations were made on heparinized 
blood spun to a constant volume at .1,000 r.p.m. No cal- 
eidalion was made for plasma traiiped between the cells. 

RE.SUI.T.S 

'Phe nl).scrvatioii.s on all 3 .scrio.-; of experiments 
arc .shown in Table I. Table II givc.s the averages 
of the principal findings in each scries. The aver- 
age plasma volume in .Scrie.s I during maintenance 
agrees well with the average value for normal dogs 
(48 ml. per kgm.) (27). 

In Scries II the average plasma volume during 
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P .1 eked 
cell 

volume 

Car- 
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volume 

Scrum 

Nn 

Serum 
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kcm. 

ger cent 


rr.l. 
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tr.eq. 

meq. 
fer L 

1. A 

16.60 

33.0 

110 

715 

3,910 

143 

5.20 

B 

16.30 

42.0 

52 

550 

3,820 

130 

8.90 

2. A 

8.50 

30.0 

100 

500 

2,310 

2,230 

142 

5.90 

B 

S.IS 

39.0 

40 

381 

133 

8.00 

3. A 

10.75 

32.0 

108 

459 

2,400 

140 

6.40 

B 

10.24 

39.0 

no 

325 

1,910 

132 

7.40 

4. A 

11.20 

45.0 

no 

610 

2,630 
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4.65 

B 

10.60 

49.0 

52 

394 

2,410 

128 

8.90 

5. A 
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15.45 
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B 

11.04 

57.6 

46 

377 

2,150 

125 
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585 

2,781 
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5.40 
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9.70 

52.0 
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373 

2,252 
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610 
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5.60 
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42.0 

125 

537 

3,120 
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112 

452 
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5.40 
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8.33 
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40 

326 

1,710 
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4. A 

11.60 

39.0 

130 

580 

2,460 

138 

5.60 
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11.46 

43.0 

48 

491 

2,380 


8.40 


Series III {cortin plus desoxycorticosterone) 


2. A 

8.90 

29.0 

85 

635 

2,440 

156 

B 

8.40 

51.0 

44 

373 

1,431 

139 

6. A 

10.10 

33.0 


552 

2,342 

146 

B 

9.60 

44.0 

55 

300 

2,290 

123 


A — Control. 


B — Crisis. 



Zn Metabolism Studied by Means of the Radioactive 
Isotope Bert L. Vau.ee and Rex G. Fluhaeity, 

Boston, Mass. (Introduced by John G. Gibson, 2nd). 

External scanning with a gamma ray Geiger-Muller 
counter has showm that, following i.v. administration, 
»Zn“ becomes widely distributed throughout the entire 
body of the normal dog. The normal range of zinc con- 
tent of organs has been determined in normal dogs by an 
improved dithizone method. The ranges, in completely 
perfused organs, in gamma per gram (wet weight), are; 
heart and great vessels 15-20 ; respiratory organs 10-20 ; 
digestive organs 10-60 ; genito-urinary tract 20-50 ; muscle 
40-50; cortical bone 40-50; C.N.S. (brain) 10-15; en- 
docrines 20-100 ; lymph glands 15-100 ; liver 50-60 ; spleen 
10-20 ; marrow 60-80 ; plasma 2-4 (per cc.) ; whole blood 
7-9. Simultaneous measurements of Zn“ and total zinc 
content have not shown selective localization of the ele- 
ment in any of the above organs. 

The complete separation of white cells from blood can 
be effected by floatation of heparinized whole blood on an 
isosmotic solution of bovine serum albumin of specific 
gravity of approximately 1.079. The normal zinc con- 
tent of white cells is 1 X 10"’ gamma and of red cells 1 X 
lO** gamma per million cells, respectively. Following the 
intravenous injection of Zn“ the isotope becomes con- 
centrated within the circulating white cells in amounts 
sufficient for accurate x-ray detection in the leucocyte 
mass separated from 15 cc. of whole blood (1.0 to 2.0 X 
10’ w.b.c.). 

Blood, white cells and tissue samples are dry ashed, and 
the zinc extracted with dithizone for colorimetry. The 
zinc is removed from the dithizonate with sulfuric acid 
and electroplated from an alkaline solution with added 
carrier zinc on a copper disk. The x-ray counting pro- 
cedures are similar to those used to measure Fe“. 

These procedures have opened the way to a study of 
overall zinc metabolism in addition to the physiology of 
leucocytes. 

Late Manifestations of Epidemic Infectious Hepatitis. 
Wade VoLwn.ER and Joseph A. Elliot Boston, Mass. 
(Introduced by Chester M. Jones). 

Accurate and complete observations on the late mani- 
festations of epidemic infectious hepatitis arc relatively 
rare. Needle liver biopsy and multiple laboratory tests 
were carried out on twelve army and civilian patients 
having s>'mptoms of this disease four months to twenty- 
one years after the initial illness. A small group with 
continued mild jaundice showed normal liver histology 
and normal liver function tests with no evidence of a 
hemolytic process. Of the remaining eight, all showed 
definite histologic evidence of a persisting inflammatory 
process associated witli clinical sjmptoms of varying 
seicrity. Abnormal physical signs and sjmptoms did 
not correlate well witli the degree of observed histologic 
damage. Bromsulfalcin excretion was tlie only consist- 
ently abnormal licpatic function test in this group. The 
sedimentation rate was usually derated, in contrast to 
the normal ralucs commonly seen in the acute phase of 
the disease. Flocculation tests and quantitative 24-hoar 
urine urobilinogen determinations frequently did not re- 


flect the histologic abnormalities. Two patients with 
severe laboratory hepatic functional impairment were 
found to have developed fibrosis in association with still 
active inflammation. Colored photomicrographs of bi- 
opsy specimens tvill be shown. 

The Hemodynamics of Rapid Changes in Cardiac Output 
in Man. James V. Warren, New Haven, Conn., and 
(by invitation) Emmett S. Brannon and Frederick 
W. Cooper, Jr, Atlanta, Ga. 

Patients with large arteriovenous fistulas offer an un- 
usual opportunity to study the hemodynamic alterations 
associated with rapid changes in cardiac output Ballisto- 
cardiographic studies -on fifty such patients during the re- 
cent war indicated that the resting cardiac output was 
often abnormally high, and on occlusion of the fistula 
fell to a normal value. Further observations on the 
nature of these circulatoiy alterations have been made 
in 14 patients utilizing the technique of right heart 
catheterization. 

The present observations confirmed the ballistocardio- 
graphic findings. In the patients with a large stroke 
volume, the arteriovenous oxygen difference (determined 
from right heart blood) was found to be low, with blood 
draining the area of the fistula giving evidence of an even 
lower arteriovenous oxygen difference. 

Although the venous pressure near the fistula and 
distal to it was elevated in some instances, the right atrial 
pressure was normal in all patients where it was studied. 
Although compression of the fistula produced a striking 
fall in cardiac output in some patients, there was no change 
in atrial pressure. Experimental lowering of the atrial 
presShre failed to produce significant change in cardiac 
output, thus indicating that minor undetectable changes 
in atrial pressure were not responsible for the changes 
in cardiac output. 

The right ventricular and pulmonary arterial pressure 
were recorded in four patients during opening and clos- 
ing of the fistula. Despite considerable change in cardiac 
output, only minimal change in pressure and pulse con- 
tour occurred. 

These observations give further support to tlie belief 
that wide variations in cardiac output may occur in the 
absence of significant change in atrial pressure. The con- 
stanej' of pulmonary arterial pressure indicates a rapid, 
presumably reflex, alteration in pulmonary vascular re- 
sistance associated with changes in cardiac output. 

Kidney Function Studies in Adrenal Inyufficiency. 
Christine Waterhouse and E. Henry Keutmann, 
Rochester, N. Y. (introduced bj’ William S. McCann). 

The glomerular filtration rate (mannitol), renal plasma 
flow (PAH), and maximum tubular excretory capacity 
(PAH) were studied in six male and six female pa- 
tients with adrenal insufficiency. Nine had Addison’s 
Disease and three had pan-hypo-piwitarism. All were 
in good clinical condition at the time of smdy. 

All female patients had markedly reduced maximum 
tubular excretorj' capacity. Tl-.is function wat norm.il 
in all males except two patients who h.ad hyp-ertmsi'U'.. 
These remits suggest that maintenance c: aptroximat'lr 
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normal amounts of functioning tubular tissue occurs only 
in males. 

The reduced tubular function in females was not cor- 
rected by desoxycorticosterone acetate, testosterone pro- 
pionate, thyroid, aqueous adrenal cortex extract in large 
doses or pork adrenal cortex extract in oil. 

The renal plasma flow was normal in two men but in all 
other patients it was below normal. Neither clinical nor 
laboratory data clarified this difference entirely hut the 
patients with Addison’s Disease receiving dcsoxycorti- 
costcronc acetate had a greater decrease of renal plasma 
flow than reduction in the ability of the tubules to ex- 
crete PAH (low ratio R.P.F/Tm). This suggests that 
the post glomerular arterioles arc constricted by the 
hormone. 

All patients had reduced glomerular filtration rates at 
all times. While this defect may be exaggerated in crisis 
and improvement is caused with restoration of electrolyte 
deficit by administration of salt, adrenal cortex extract 
or desoxycorticosterone, normal values arc not attained. 

Correlation bctiuccn the Effect of Quinidinc Sulfate on 
the Rate of the Circus Movement in Auricular Fibrilla- 
tion and its Concentration in the Blood Plasma. Ren£ 
W^:GRIA, New York, N. Y. (Introduced by Alexander 
B. Gutman). 

Patients with auricular fibrillation were given orally 
single and repeated doses of quinidinc sulfate. The con- 
centration of the drug in the plasma and the intensity of 
its effect on the rate of the circus were followed. 

In 7 studies in which one single dose (0.4 gm. to 0.8 
gm.) of quinidinc was given, the intensity of the cardiac 
effect of the drug and its plasma concentration were 
found to be grossly parallel but not parallel in a strictly 
quantitative manner. Indeed, discrepancies between in- 
tensity of cardiac effect and plasma concentration were 
found, the plasma level of the drug decreasing faster than 
the intensity of its cardiac effect. In 3 studies in which 
repeated doses (0.4 gm. every 2 hours for 3 or 4 doses) 
were given, there was a less marked discrepancy between 
plasma concentration and intensity of cardiac effect. 
Several possible explanations which may account for the 
discrepancies between the plasma level of the drug and 
the intensity of its cardiac effect, were investigated. 

Observations on a Perfusion Method for Reducing 
Asotacmia in Temporary Renal Failure. Donald M. 
Whitlaw, Toronto, Canada (Introduced by W. Hurst 
Brown). 

Perfusion of the peritoneum was carried out for six 
days in a patient with extreme oliguria of five days dura- 
tion due to sulfathiazole nephrosis. Perfusion fluid was 
solution “A” of Abbott and Shea with added heparin, 
penicillin and streptomycin. Perfusion rate was 1.5 liters 
per hour for two days and 0.4 liters an hour for the four 
subsequent days. Nonprotein nitrogen was reduced from 
145 mg per cent to 82 mg per cent in the first two days' 
and maintained at that level. Carbon dioxide combining 
power was maintained between 18 and 21 mEq. per liter. 
Edema was at first reduced but later reappeared due to 
loss of protein in the perfusate. A total of 71.35 liters 


of perfusate was recovered which contained 46.4 gm. of 
nonprotcin nitrogen and 178 gm. of protein. Concentra- 
tion of nonprotcin nitrogen in the perfusate averaged 
70 mg. per cent and varied directly with the length 
of time that the fluid remained in the peritoneal cavity. 
Diuresis began on the second day of perfusion and reached 
5.5 liters on the last day. Twenty-five days later urine 
output was normal. Urinary specific gravity remained 
fi.xcd between 1.010 and 1.012. Urea clearance was 
25 cc., nonprotcin nitrogen was 42 mg per cent. No 
peritoneal infection occurred. 

The Effects of Splanchnicectomy ufon Hefalic Function 
and Blood Floiv in Hypertensive Patients. RonKRT W. 
Wilkins, (by invitation) James W. Culdertson and 
Franz J. Inceleinger, Boston, Mass. 

Hepatic function and blood flow were estimated in 
hypertensive patients before, and again early after sjan- 
patiiectomy (Smithwick) by the method of Bradley et al. 
Briefly this involves the measurement of BSP concen- 
tration in serial pairs of samples of peripheral and 
hepatic (catheter method) venous blood, during a con- 
stant intravenous infusion of the dye. In the presence 
of a constant, or constantly changing, peripheral blood 
level of BSP calculations of total removal rate may be 
made. The hepatic extraction of BSP is represented by 
the peripheral-hepatic venous diflcrcnce. Hepatic blood 
flow is estimated by dividing the total removal rate by 
the extraction. 

Preoperative values for total BSP removal rate and 
estimated hepatic blood flow fell within the normal range. 
Postoperative measurements revealed a marked decrease 
in total removal rate of BSP, usually associated with a 
marked decrease in hepatic extraction. The data in- 
dicated that hepatic blood flow was markedly increased 
when resting blood pressure was unchanged after 
splanchnicectomy, whereas it was increased only slightly 
or not at all when blood pressure was lowered. These 
results suggest that sympathectomy markedly decreases 
the resistance to blood flow through sizable portions of 
the splanchnic beds draining through the liver. 

The cause of the decrease in total BSP removal rate 
after sympathectomy is not clear, but probably is not a 
non-specific postoperative debility, since no decrease oc- 
, curred after other major surgical procedures. Perhaps 
it is related to the increase in hepatic blood flow. 

\ 

How Should Thyrotoxicosis Be Treated? Robert H. 
Williams and (by invitation) Samuel P. Asper, Jr., 
Walter F. Rogers, Jr., William H. Daughaday and 
Beverly T. Towery, Boston, Mass. 

The increased availability of many effective and rela- 
tively safe antithyroid drugs and of radioactive iodine 
has made it necessary, in choosing the best treatment 
in thyrotoxicosis, to give individual consideration to the 
problems of each patient. As a result of treating 320 
thyrotoxic patients with from 1 to 16 thiourea or 
aminobenzene derivatives, of following 28 individuals 
treated with radioactive iodine, of observing 155 patients 
subjected to thyroidectomy, and on the basis of the ex- 
periences reported by others, it has been possible to draw 
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tentative conclusions regarding the choice of therapy in 
this disease. 

The antithyroid drugs are desirable in a large propor- 
tion of individuals because of the simplicity of adminis- 
tration, availability, inexpensiveness, regulability, safety, 
relative lack of physical or mental discomfort, and lack 
of damage to the thyroid gland and surrounding struc- 
tures. The compounds tested clinically in this clinic are: 
tetramethylthiourea, diethylthiourea, thiourea, 2-thio- 
benzimiazoldine, aminothiazol, thiothymine, thiobarbital, 
thiouracil and 6-methyl-, 6-propyl-, 6-cyclopropyl-, 6- 
butyl-, 6-isobutyl-, thiouracil. p-Aminobenzoic acid and 
its 3,5-diiodo derivative, as well as 3,5-diiodo-o-amino- 
benzoic acid have also been used. Of these compounds, 
6-propyl-, 6-cyclopropyl-, and 6-butyl- thiouracil are the 
ones of choice. They have a high degree of effective- 
ness and the complications from their use are very in- 
frequent The pharmacology of the derivatives of thiou- 
racil was found to be similar to that of thiouracil, but 
they tend to be broken down more slowly and are con- 
centrated more in the thyroid gland, in rats. Substituents 
in the 6-position of thiouracil bearing an odd number of 
carbon atoms (methyl, propyl and amyl derivatives) 
persist in the carcass in greater concentration and in the 
thyroid gland in less concentration than was found with 
ones containing an even number of carbon atoms (ethyl 
and butyl). The antithyroid activity of thiouracil and 
propylthiouracil is enhanced by the simultaneous admin- 
istration of bromide, fluoride and chloride, presumably 
due to competitive reactions of these halides with iodine. 

Radioactive iodine is quite useful in thyrotoxic patients 
who have large goiters, individuals who cannot or will 
not take prolonged therapy, and ones who have not re- 
sponded satisfactorily to antithyroid drugs or to thy- 
roidectomy. It is also useful in certain patients with 
carcinoma of the thyroid gland which has metastasized. 


It is not necessary for a large proportion of patients 
to be subjected to thyroidectomy, but this procedure is 
desirable in certain individuals with a large thyroid gland, 
in ones who may likely have carcinoma of the thyroid 
and in the small number of subjects who cannot be satis- 
factorily treated otherwise. 

Sustained Contraction of the Diaphragm, the Mechanism 
of a Common Type of Dyspnea and Prccordial Pain. 
Stewart Wolf, New York, N. Y. 

Complaints of respiratory distress characterized by in- 
ability to get a full breath were found to occur commonly 
among anxious individuals and among those who did 
not obviously display anxiety. By discussion of situational 
conflicts, attacks were induced in 17 subjects during 
flouroscopic observation. In each instance a character- 
istic disorder of diaphragmatic fimction was observed. 
Inspiration became jerky and the excursion of the dia- 
phragm exceeded that in expiration. The diaphragm thus 
assumed a progressively lower position. When its con- 
tractile state was such that an adequate inspiratory ex- 
cursion was no longer possible, dyspnea occurred with a 
feeling of inability to take a breath. Frequently pain 'in 
the precordium, elsewhere in the chest, and in the 
shoulder accompanied such sustained diaphragmatic 
contraction; 

Three subjects had attacks accompanied by pallor, 
sweating, fall in blood pressure and angor animi, simulat- 
ing superficially the sj-ndrome of coronarj' occlusion. 

In seven of the subjects occlusion of the cardiac end of 
the esophagus during diaphragmatic spasm was demon- 
strated with barium. Occasionally esophageal occlusion 
occurred when the increase in contractile state of the 
diaphragm was insufficient to impair ventilation of the 
lungs and cause dyspnea. Such patients also complained 
of difficulty in swallowing. 
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TABLE II 

Averages 



Plasma 
j volumes 

Interstitial 

volumes 

Decrease in 
absolute 
volumes 

Con- 

trol 

1 1 

1 Crisis ! 

Con- 
trol ! 

Crisis j 

m 

I.V. 

Series I 
Series II 
Series III 

ml. ter 
kgm, 

48.3 

46.1 

63.0. 

ml. per 
kgm. 

35.3 

37.9 

37.8 

ml. per 
kgm. 

227 

211 

253 

ml. per 
kgm. 

218 

202 

200 

1 

per 

30.9 

22.8 

43.5 

cent 

9.0 

7.2 

21.8 


maintenance was slightly lower, while iii Series 
III it was distinctly higher than the average for 
normal dogs. In crisis the plasma volume was 
invariably reduced. Expressed as ml. per kgm. 
of body weight in crisis, the average plasma volume 
in all 3 series is strikingly similar. 

Interstitial fluid volumes (I-V.) in Series I and 
II were within normal limits during maintenance 
but higher than average for the 2 dogs receiving 
desoxycorticosterone (Series III). In all cases 
the interstitial volume was reduced in crisis but 
much less in relation to its original value than 
was the plasma volume. In some cases there was 
no reduction in the I.V. relative to body weight, 
although a small absolute decrease had occurred. 

In all but 3 experiments, bradycardia developed 
during crisis. 

In the dogs on the high salt diet, crisis oc- 
curred 11 to 13 days after stopping cortin. The 
dogs on low salt diets went into crisis on the third 
to the fifth day after stopping cortin. 

Sodium and potassium levels in the serum 
showed the usual alterations. The total urinarj' 
excretion of electrolytes and water was followed 
m several animals, but control of total intake and 
output was hardly rigorous enough to allow us 
to draw definite conclusions as to the relative 
importance of clcctrolj-te and water loss versus 
fluid redistribution within the body as contributor}’ 
factors to the reduction of extracellular fluid. In 
the animals maintained without added salt, the 
increased excretion of sodium chloride and water 
"as sufficiently great to account for most of the 
reduction in extracellular fluid. 

In the dogs on the diet with extra sodium chlo- 
ride a net loss of sodium and chloride was not 
obvious from the priman,- findings but might have 
Occurred. On these animals, however, one strik- 


TABLE m 

Water intake and urinary volumes and electrolytes 
on constant diet 

A. 2.0 per cent NaCl diet — Average daily amounts 
for 7 days before, and 7 days after 
withdrawal of cortin. 


1 

Dog. no. 

1 

Water 

intake 

Urine 

output 

Sodium 

output 

Chloride 

output 


ml. 

ml. 

TKeg. 

meq. 

1. before 

718 

420 

62 

62 

after 

823 

513 

76 

70 

2. before 

603 

243 

40 

42 

after 

757 

441 

47 

45 

3. before 

525 

241 

53 

54 

after 

553 

299 

56 

52 

4. before 

, 738 

, 348 

73 

73 

after 

969 

475 

74 

72 


B. 1.0 per cent NaCl diet — ^Average daily amounts 
for 3_days before and after 
withdrawal of cortin. 


2. before 

384 

147 

7 

8 

after 

281 

237 

35 

28 

6. before 

820 

450 

11 

18 

after 

443 

273 

30 

33 


ing observation was made which appears to have 
escaped notice heretofore. After deprivation of 
cortin, the intake of water and output of urine in- 
creased markedly, as if in the absence of cortin 
there was some hindrance to the excretion of 
urine with a high concentration of salt. 

DISCUSSION 

The observation that interstitial fluid volumes 
are reduced in crisis, together with the well known 
fact which has been confirmed in these experi- 
ments that a high salt diet delays the onset of 
crisis, may be taken as evidence of the importance 
of electrol^'te disturbances as a contributory fac- 
tor in the production of crisis. Since, ho’.vevcr, 
changes in the interstitial volume are variable 
and often slight, our results must be regarded 
as giving some support to Swingle’s hypoth.csis of 
increased capillary penncability to protein. 

In another communication we plan to present 
data which show that th.erc is a considcra'u’c los- 
of protein, especially albumin, from th.c circulating 
plasma during the development of adrenal in- 
sufficiency. This loss must h.ave been slow, for th.e 
concentration-lime curves of th.e blue dye treJ in 
the dctcrmir.ati(>ns of blr«"-d volmue did not de- 
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cHtie more rapidly iti crisis than in control ex- 
periments. Our experiments contribute no evi- 
dence on the question of wlielber the capillary 
changes may he due to changes in the ratio of 
sodium and potassium in the plasma or are a 
manifestation of some efTect of cortin quite inde- 
pendent of actions on sodium and potassium, 
either as to their renal excretion or distrihutioJi 
between intracellular or extracellular fluids. 

If the average decrease in plasma volume in 
crisis is only about 30 per cent and the decrease in 
total blood volume much less (17 per cent ac- 
cording to our calculations), then we arc forced 
to the conclusion that the circulatory failure of 
crisis must be due to something more than dimin- 
ished blood volume. The extra factor may well he 
cardiac damage, as evidenced by the frequent oc- 
currence of bradycardia. Dogs with intact adre- 
nals will stand bleeding which reduces their blood 
volume by 45 per cent (28, 30), More recently 
blood volume measurements have been made by 
the dye method on humans in shock from burns 
and hemorrhage (29, 31). The reductions in 
blood volume compatible with recovery seem to 
be considerably greater than we have found in 
dogs in crisis. Cardiac failure would be a fac- 
tor which would enhance the gravit}' of a modest 
decline in blood volume. 

Evidence regarding the shift of fluid from ex- 
tracellular to intracellular spaces is provided in 
these experiments only by changes in body weight 
of the animals. The loss in body weight in the 12 
experiments averaged 500 grams. The estimated 
loss of plasma and interstitial fluid averaged 440 
grams. In the 12 hours prior to crisis the animals 
usually ate and drank nothing. During that time 
the net loss of weight in the form of exhaled H^O 
and CO 2 (less O 2 retained) might have amounted 
to 200 grams. If the decrease in extracellular 
fluid all represented urinary (and fecal) loss, the 
total weight loss should have been 640 grams. It 
seems permissible to postulate an average shift 
of about 140 grams of extracellular fluid into the 
intracellular space. 

CONCLUSIONS 

Our data on the whole support the hypothesis 
that in the crisis of adrenal insufficiency, loss of 
interstitial fluid contributes significantly to a de- 


crease in plasma volume but does not account 
for all of it. Loss of protein from tbc plasma may 
also be a factor in reducing the plasma volume. 

The reduction in circulating plasma volume 
seems insufficient to account for the circulatory 
failure in crisis. Cardiac failure and possibly loss 
of capillary .tonus may contribute to the circula- 
tory failure. 

Tbc loss of interstitial fluid seems to be mostly 
by renal excretion but some shift to intracellular 
spaces may also occur. 

SUM MARV 

1. In 12 experiments on 8 dogs, plasma volumes 
measured by the dye method in the crisis of adre- 
nal . insufficiency were about 30 per cent below 
normal on the average, while the total blood 
volume calculated from the plasma volume was 
only about 17 per cent below normal. 

2. Interstitial fluid volumes measured by the 
sulfocyanatc method in crisis were always re- 
duced, but relatively much less than the plasma 
volumes, vie. about 5 per cent on the average with 
much variation. 

3. The decrease in plasma volume may be at- 
tributed to at least 2 factors: (a) loss of total 
extracellular fluid as a result of loss of sodium 
and retention of potassium; (b) reduction in 
plasma proteins and consequent loss of plasma to 
the extravascular spaces. 

4. Cardiac failure as evidenced by a high in- 
cidence of bradycardia is a more important factor 
in crisis than is usually recognized. It may be 
responsible, together with decreased capillar}’- 
tone, for the severe circulatory failure associated 
with the apparently moderate decrease in blood 
volume. 

5. In those experiments in which crisis after 
deprivation of cortin was delayed by a high salt 
diet, there was evidence suggesting inability of 
the kidneys to produce urine of high salt content. 
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The influence of proteolytic enzymes on blood 
coagulation has attracted considerable attention 
in recent years because of the possibility of their 
involvement in the normal clotting process. 
Eagle and Harris (1) showed that certain pro- 
teolytic enzymes such as tryj^sin could activate 
prothrombin ; while other enzymes such as papain 
could clot fibrinogen directly. Schmitz (2, 3, 4) 
claimed that he isolated both trypsin and a specific 
trypsin-inhibitor from plasma. However, more 
recent work indicates that the protease is not 
identical with tr 3 ’psin, although it is quite similar 
in inan 3 r respects (5, 6). 

It has long been known that proteolytic activity 
appears in blood following treatment with chloro- 
form, acetone, or certain other denaturing agents. 
Tagnon and others (7, 8, 9) used this technic to 
activate blood protease and described many of its 
properties. Holmberg (10) and Christensen (11) 
independently demonstrated that streptokinase, - 
which is itself devoid of proteolytic activity, could 
activate the protease in blood and thus produce 
digestion. Christensen also showed that the blood 
protease activated by streptokinase was identical 
with chloroform-activated serum protease (6). 
The inactive enzyme is located principally in 
globulin fraction III-2, along with considerable 
amounts of prothrombin (12, 13). Active pro- 
tease is present in globulin fraction III-3, which 
is actually a sub-fraction of III-2. Fraction III-3 
was used in the present experiments as a con- 
venient source of blood protease. 

A definite coagulation-inhibiting effect of crys- 
talline pancreatic trypsin-inhibitor was demon- 

1 This work was supported in part by grants from the 
Life Insurance Medical Research Fund and the Uni- 
versity Center in Georgia. 

2 Following the suggestion of Christensen (11), it was 
decided to adopt the term “streptokinase” for use through- 
out this paper. The earlier designation “streptococcal 
fibrinolysin” was based on the erroneous assumption 
that the fibrinolytic enzyme itself was produced in the 
bacterial culture. 


stralod by Ferguson (14), supporting his thesis 
that a protease is involved in the activation of pro- 
thrombin (15). .Similar results were obtained by 
Grob (16), who also found that scrum anti-pro- 
tease prepared by the method of Schmitz (4) dc- 
la 3 -cd coagulation. Tagnon and Soulier (17) 
showed that trypsin-inhibitor isolated from soy 
bean flour could also inhibit coagulation. Their 
work has been confirmed and extended by the ob- 
servations described in this paper. 

METIIOns AXD MATERI.\LS 

Most of the experiments described lierc involve changes 
in thrombin concentration whicli can be measured in- 
directly by means of the clotting time (IS). In all 
cases, solutions were maintained at 3S° C., and the pH 
was kept in the range of 7.2 to 7.6 as measured with a 
glass electrode. A small amount of phenyl mercuric 
borate was added to the reagents to prevent bacterial 
growth. Tests for thrombic activity were carried out 
by pipetting 0.5 ml. of thrombin into 1 ml. of fibrinogen 
solution, using 10 mm. X 75 mm. serological tubes. Clot 
formation was timed from the moment of addition of 
thrombin or, in the case of plasma, from the moment of 
recalcification, and the tubes were tilted once each second 
until the first signs of clotting were observed. 

Plasma: Whole blood was collected from dogs under 
nembutal anaesthesia into paraffined bottles containing lio 
volume of 3.S per cent sodium citrate solution. The blood 
was centrifuged at 1,800 r.p.m. for 30 minutes, and the 
plasma was siphoned off and re-centrifuged in a high 
speed angle centrifuge. The plasma was then filtered 
through a sintered glass disc and kept refrigerated until 
used. 

Buffered saline: M/100 phosphate at pH 7.4 was made 
up in 0.5 per cent saline. 

Fibrinogen: Fibrinogen was prepared by several pre- 
cipitations with quarter-saturated ammonium sulfate, the 
final precipitate being dried under vacuum over P„0^; 
0.15 per cent solutions were made up in buffered saline 
as needed. The dry powder was stable for over 3 
months when kept in the ice box. All fibrinogen solu- 
tions were routinely tested for absence of prothrombin 
by the addition of calcium chloride and thromboplastin. 

Calcium chloride: A IM stock solution of CaCl„ was 
diluted to M/10 each day as required. 

Thromboplastin: Dog brain washed free of blood was 
macerated in saline, and the extract was preserved by 
freezing storage. Tests were made for prothrombin by 


364 



BLOOD PROTEASE AND TRYPSIN INHIBITOR EFFECT ON CLOTTING 


365 


the addition of calcium chloride; they were found to be 
negative. 

Prothrombin; The prothrombin was prepared by the 
acetone precipitation method of Howell (i9). 

Thrombin: Unless otherwise specified, Lederle’s Hemo- 
static Clotting Globulin diluted 1 : 10 with buffered saline 
was used as the source of thrombin. 

Soy trypsin-inhibitor; A crystalline preparation of soy 
trypsin-inhibitor ^ was dissolved in buffered saline to give 
a solution containing 1 mgin. per ml. This was diluted 
as required. 

Globulin fraction 111-3: This alcohol-precipitated frac- 
tion * contains a protease which is unstable in aqueous 
solution. Therefore, the dry material was weighed out 
on an analytical balance and dissolved in saline just be- 
fore use. 

RESULTS 

A. Effect of soy trypsin-inhibitor on the clotting 
time of recalcified plasma 

The relation of dotting time to concentration of 
inhibitor was studied by recalcifying citrated 
plasma in the presence of excess thromboplastin 
and different quantities of crystalline soy trypsin- 
inhibitor. One milliliter dilutions of inhibitor in 
saline were added to 1-ml. portions of plasma, fol- 

® Crj’stalline soy trypsin-inhibitor was obtained through 
the courtesy of Dr. Moses Kunitz. 

.■* This protein fraction was obtained through the 
courtesy of Dr. John T. Edsall. It was prepared under 
a contract between the Office of Scientific Research and 
Development and Harvard University from human blood 
collected by the American Red Cross. 


lowed by the -addition of 0.5 ml. thromboplastin 
and 0.5 ml. of M/10 calcium chloride. The re- 
sults presented in Figure 1 show that the increase 
in clotting time is directly proportional to the 
concentration of inhibitor in plasma over the range 
of concentrations used. We have adopted this 
technic for the rapid assay of inhibitor in various 
stages of purification by comparing the effect on 
clotting time with that produced by standard 
crystalline inhibitor preparations. 

B. Absence of effect of inhibitor on the second 
phase of coagulation 

Various concentrations of inhibitor were made 
up by serial dilution in saline and added in 0.5-ml. 
quantities to 0.5-ml. portions of plasma and fibrin- 
ogen solutions. These mixtures were warmed 
to 38° C. and clotted by the addition of 0.5-ml. 
thrombin. The clotting times presented in Table 
I show no inhibitory effect whatsoever, confirming 

TABLE I 


Effect of inhibitor on the second phase of coagulation 


Inhibitor (micrograms) 

0 

31 

62 

125 

250 

500 

Plasma clotting time 
(seconds) 

11" 

11" 

11" 

11"| 

11" 

11" 

Fibrinogen clotting time 
(seconds) 

15" 

14" 

14" 

14" 

13" 

13" 


Test'mixtureiO.SJml. plasma -{-[O.SJml.tinhibitor -f-10.5 
ml. thrombin. 



Fjc. I. 
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the obsen’ations of Tagnon and Soulier (17). 
The absence of inhibition in plasma minimizes the 
possibility that an albumin co-factor is required 
for the second-phase action of trypsin-inhibitor 
(14). 

C. Effect of hihibitor on the activation of pro- 
thrombin 

Our attention was next directed to the first 
phase of coagulation, which normally results in 
the formation of thrombin. Serial dilutions of 
inhibitor were made in 1-ml. volumes of buffered 
saline, and 3 ml. of prothrombin solution was added 
to each. The mixtures were warmed to 38° C. 
and activated by the addition of 0.5-ml. quantities 
of thromboplastin and calcium chloride solutions. 
After standing for different periods of time, the 
mixtures were tested for thrombic activity by the 
addition of 0.5-ml. portions to 1 ml. of fibrinogen 
solution. The clotting times are presented in 
Figure 2, from which the following observations 
are made : 

(c) The minimum clotting times, indicating 
maximum concentrations of thrombin, were fairly 
uniform with low concentrations of inhibitor but 
showed a marked increase at higher concentra- 
tions. The activation time required for maximum 
thrombin formation was also greater with higher 
concentrations of inhibitor. 


(b) The rale of thrombin disappearance in- 
creased markedly with higher concentrations of 
inhibitor. This docs not nccc.ssarily mean an in- 
creased rate of thrombinolysis, since Glazko and 
Ferguson (IS) demonstated that a constant rate 
of thrombin inactivation produced an increase in 
clotting time which varied inversely with thrombin 
concentration. The implication is that the rapid 
increase in clotting lime is apparent only because 
of the small amount of thrombin formed in the 
presence of inhibitor. An experiment in which 
200 fig. of soy inhibitor was added to 1 ml. of 
thrombin produced no significant changes in 
thrombic activity over a period of IS hours at 3S° 

C, showing that the presence of inhibitor per sc 
had no influence on the rate of thrombin disap- 
pearance. 

D. The effect of the concentration of prothrombin 

and thromboplastin on the action of in- 
hibitor 

An attempt was made to determine whether the 
action of trj’psin-inhibitor was influenced by vari- 
ations in the concentration of prothrombin and 
thromboplastin. Since it has been reported (7) 
that blood protease is inhibited by prothrombin, es- 
pecially in the presence of thromboplastin, it was 
thought that changes in the concentration of these 



Fig. 2. 
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factors might produce an exaggerated effect in 
the presence of trypsin-inhibitor. 

The clotting time of recalcified plasma was 
measured at 38° C. in the presence of soy inhibitor 
and different concentrations of thromboplastin, as 
shown in Table II. The range of thromboplastin 

TABLE II 


Effect of thromboplastin on coagulation of 
plasma in the presence of inhibitor 


Thromboplastin 
(relative con- 
centration) 

Soy trypsin-inhibitor (micrograms) 

0 

25 

50 

10,000 

22" 

30" 

43" 

1,000 

21" 

25" 

37" 

100 

32" 

42" 

58" 

10 

60" 

IS" 

110" 

1 

170" 

270" 

510" 

0 

780" 

960" 

1380" 


Body of table gives clotting times in seconds. 

Test mixtures; 0.5 ml. plasma + 0.5 ml. thromboplastin 
-{-0.5 ml. inhibitor or saline, recalcified with 0.5 ml. M/10 
CaClj. 


concentration extended from that of the stock 
preparation to a dilution of 1 in 10,000. In aU 
cases, the presence of soy inhibitor produced about 
the same proportional inhibition with low con- 
centrations as with larger amounts. The results 
presented in Table III show that sufficient throm- 


TABLE ni 


Effect of prothrombin concentration on thrombin 
formation in the presence of inhibitor 


Prothrombin 
(Relative concen- 
tration) 

Minimum clotting lime (seconds) 

No inhibitor 
added 

125 ralcxograms 
inhibitor added 

80 

15" 

21" 

8 

47" 

54" 

4 

65" 

105" 

2 

85" 

240" 

1 

150" 




Mixture; 3 ml. 
or saline -f 0.5 ml. 


prothrombin dilution -{-1 ml. inhibitor 
thromboplastin -bO.5 ml. M/10 CaCI.. 


bin was produced for reliable clotting tests in a 
maximum prothrombin dilution of only 1 : SO, un- 
particular experimental conditions used. 
1 C dotting times given are the minimum values 
o scrxcd during tlic activation process. Here 
^‘=creascd concentration of prothrombin 
did not appear to enhance the inhibitory- effect of 

trypsin-inhibitor. 


E. Effect oj inhibitor on blood protease 

The effect of trypsin-inhibitor on blood protease 
was demonstrated by following the rate of casein 
digestion in the presence of various concentrations 
of inhibitor. Globulin fraction III-3 was added 
to 1 per cent casein (at pH 7.4) containing 0, 100, 
200 and 400 fig. of soy trypsin-inhibitor. The 
mixtures were incubated at 38° C. and 1-ml. 
samples were taken at intervals for determination 
of acid-soluble phenols, using 6 per cent trichlo- 
racetic acid for precipitation of protein and the 
Heidelberger modification (20) of the Folin- 
Ciocalteu reaction for color development. From 
the results presented in Table IV it is evident 


TABLE IV 

Inhibition of blood protease by soy trypsin inhibitor 


Inhibitor 

(micro- 

grams) 

1 Incubation time (hours) 

0 

1 

4 

16 

0 

0 

27 

43 

62 

100 

0 

8 

17 

30 

200 

0 

3 

10 

14 

400 

0 

0 

7 

9 

0* 

0 

0 

0 

0 


* No enzyme added. 

Body of table e.xpresses tyrosine equivalent in terms of 
/ij per ml. 

Digestion mixture: 10 ml, 1 per cent casein mi. in- 
hibitor dilution -f- 1 ml. (=10 mgra.) globulin III-3 solution. 

that the degree of inhibition was proportional to 
the concentration of soy try-psin-inhibitor in the 
digestion mixtures. This is in agreement witli the 
results observed with trypsin-inhibitor obtained 
from pancreas and from serum (4, 6, 16) . 

F. Thrombin activity of globulin fraction 111—3 

Thrombic activity was found to appear in aque- 
ous solutions of globulin fraction III— 3 in the ab- 
sence of any added calcium or thromboplastin, 
as shown by the data in Table V. This experi- 
ment was performed in the presence of sufficient 
citrate to eliminate the effect of the small amount 
of calcium present, which was found to he alxiut 
2.5 fig. per mgm. of globulin. 

It was first thought that the results were th:c 
to the direct acti-vation of prothrombin in the 
globulin fraction by the protease, but similar re- 
sults were also obtained in th.c presence of suffi- 
cient trypsin-inhibitor to stop th.e action of the 
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TAIlLr, V 

Thromhin formation by ffohtlin fraction III-3 


Incubation time 
(minutes) 

0 

1' 

2' 

3' 

5' 

10' 

30' 

70' 

330' 

Clotting time 
(seconds) 

— 

— 

44" 

40" 

39" 

34" 

32" 

35" 

42" 


10 mgm. globulin was dissolved in 5 ml. saline containing 

0.38 per cent sodium citrate. Thrombic activity was 
measured after different periods of incubation at3S°C. by 
the addition of 0.5 ml. to 1.0 ml. fibrinogen. 

protease. Therefore, it seems likely that the ap- 
pearance of thrombin in the solution was not clue 
to the activation of prothrombin, but to some other 
mechanism involving the presence of pre-formed 
thrombin. 

DISCUSSION 

The experiments presented here show that 
crystalline soy trypsin-inhibitor interferes with 
the activity of the protease in globulin fraction 
III-3 and also inhibits the activation of prothrom- 
bin. There is a good possibility that these observa- 
tions are dependent on the same process, namely 
inhibition of proteolytic activity. The activation 
of prothrombin may be dependent on the presence 
of active protease, although we have no proof for 
this as yet. There is good evidence that the pro- 
tease in blood is not pancreatic trypsin (5, 6), al- 
though it is similar in many respects. Tagnon (7) 
has already indicated that the blood protease can 
activate prothrombin in the absence of calcium, 
but his observations have not been confirmed. 

Ionic calcium and thromboplastin are unques- 
tionably involved in the normal activation of 
prothrombin, but their precise functions are still 
unknown. It is suggested that calcium may be 
necessary for the activation of blood protease, 
just as it produces an increased yield of trypsin in 
the autocatalytic activation of trypsinogen (21). 
The protease might then function in the activation 
of prothrombin. 

Blood protease and prothrombin are closely as- 
sociated in many respects. Prothrombin has been 
reported to inhibit the proteolytic action of chloro- 
form-treated plasma (7). Both prothrombin and 
inactive protease are present in globulin fraction 
III-2 (12, 13), while active thrombin and active 
protease are present in globulin fraction III-3 (see 


sections E and F). These relations arc so strik- 
ing that they merit further investigation. Some 
evidence indicates that thrombin itself is proteo- 
lytic (22), but the best preparations of thrombin 
made to date have no demonstrable fibrinolytic 
activity (23). The ultimate solution of this prob- 
lem seems to depend on the preparation of pure 
crystalline thrombin and blood protease. 

SUMM.\KY 

1. The anticoagulant action of crj'stalline soy 
tr}^psin-inhibitor is due to interference with the 
thrombin-forming mechanism. No effects were 
observed on the second phase of coagulation. 

2. The rate of thrombin formation and also the 
maximum amount of thrombin produced were 
diminished in the presence of inhibitor. 

3. The increase in clotting time of recalcified 
plasma was found to be directl}’’ proportional to 
the concentration of inhibitor. 
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During the Leyte campaign in the Pliilippines 
a number of American soldiers were infected by 
the cercariae of Schistosoma japotticum. While 
under observation at Harmon General Hospital, 
138 out of 495 such previously treated patients 
were found to be passing eggs in their stools and 
were, therefore, treated again either with tartar 
emetic or fuadin. The purpose of this report is 
to present data on the concentrations of antimony 
attained in body fluids under given dosages of 
these drugs, together with the amount and rate of 
excretion in urine and stool. Reference is also 
made to the therapeutic efficiency of the chemical 
regimes employed. 

MATERIAL AND METHODS 

1. Treatment 

Patients found to have the eggs of Schistosoma japoni- 
cum in their stools were given in rotation, and without 
regard to previous treatment overseas, equivalent amounts 
of antimony (0.566-0.576 gram) in the form of fuadin 
or tartar emetic (freshly prepared or commercially 
prepared). One ml. of the fuadin solution contained 
0.0087 gram antimony and 1 ml. of tartar emetic 
solution 0.0018 gram antimony. Fuadin was given 
by the intramuscular injection of a 6.3 per cent 
solution, beginning with daily doses of 1.5, 3.5, and 
5.0 ml. and continuing with 5.0 ml. doses on alternate 
days until a total of 65 ml. had been given over a period 
of 25 days (33 patients) . Tartar emetic was given by the 
intravenous injection of a 0.5 per cent solution on alter- 
nate days, beginning with doses of 8, 12, 16, and 24 ml. and 
continuing with 24-ml. doses until a total of 320 ml. had 
been given in 29 days (77 patients). Subsequently 15 
patients were treated with a course of 105 ml. of fuadin 
(0.914 gram antimony) and 31 patients with 416 ml. of 
tartar emetic (0.748 gram antimony). The total number 
of courses of treatment was 156, but this included some 
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patients with 2 courses of treatment. Tlic times at which 
various specimens were taken are shown in appropriate 
tables and figures. 

2. Method of analysis 

The method of Maren (1) has been sliglitly modified 
in order to make it more sensitive and specific, and the 
modified method has been applied to the determination 
of microgram quantities of antimony in body fluids. 
Maren states that the blank is of the order of 0.4 micro- 
gram and that the iron in blood interferes by giving still 
larger blanks. The limit of the method in the absence of 
iron is stated to be 0.5 microgram. When 5-gram speci- 
mens of blood are analyzed, he substracts 1 microgram 
from the final value to compensate for the iron blank. 
Such a procedure seems inadvisable, especially when the 
quantity of antimony in the specimen being examined 
is itself often considerably less than the 1 microgram 
value being subtracted. 

It has been found that the blank may be reduced by the 
use of chemicals of the proper degree of purity, and it may 
be eliminated by reading the optical density of the un- 
known against reagent blanks instead of against benzene. 
The blank produced by iron has been eliminated by pre- 
cipitating the iron as ferric-ferrocyanide during the color 
development. The precision of the method has been fur- 
ther improved by developing the color rapidly at a nearly 
constant low temperature, by minimizing the fading of 
the developed color caused by sunlight, and by including 
specimens of known antimony content along with each 
lot of unknowns and calculating the unknown values 
accordingly. 

3. Reagents 

The reagents used were those given by Maren with the 
following exceptions: 

a. Mallinckrodt phosphoric acid was the only one of 
several brands found to give low consistent blanks. 

b. Potassium ferrocyanide 2 grams in 100 ml. of 0.02 
per cent Rhodamine B solution. 

c. Hydrochloric acid 6 N containing 1 mgm. of ferric 
iron per ml. 

4. Digestion 

a. Ten ml. or smaller specimens of blood, plasma, urine, 
or bile are digested according to Maren’s directions. 


370 



ANTIMONY IN THE TREATMENT OF SCHISTOSOMIASIS JAPONICA 


371 


b. Stool: To S grams of stool are added 6 ml. of 
sulfuric acid and 10 ml. of nitric acid. Digestion with 
nitric acid is carried out in the usual way. Remove the 
solution from the hot plate, add '2 drops of perchloric 
acid and immediately put back on the hot plate, in order 
to eliminate spattering due to the presence of precipitated 
salts. The solution is cooled after the appearance of 
copious SOj fumes and is diluted with 46 ml. of water 
giving a 1-10 dilution containing insoluble salts (2 ml. of 
sulfuric acid are boiled off during the digestion). Place 
1 to 5 ml. of this well-mixed dilution into a 12S-ml. flask 
and add 3 ml. of sulfuric acid. 

5. Reduction 

Maren’s procedure is used. 

6. Color development 

In order to obtain the maximum color and consistent 
results, it is essential to develop the color as rapidly as 
possible at a low temperature and to keep the colored ex- 
tracts out of direct sunlight. The reagents and glassware 
used are kept in ice water until used. To the digest flask 
in an ice water bath, add 5 ml. of 6NHQ and mix. When 
the mixture is cold, add 2 drops of 0.02 N ceric sulfate 
and mix. After 2 minutes add 8 ml. of 3 N phosphoric 
acid and S ml. of 0.02 per cent Rhodamine B. Mix and 
pour all of the mixture into a cold 50-mI. glass-stoppered 
bottle containing 10 ml. of cold benzene. Shake 200 
times in order to extract the red antimony-dye complex. 
Aspirate off the aqueous layer, decant the benzene layer 
into a cuvette, and centrifuge about 5 minutes. Since the 
optical density was proportional to the concentration only 
when 0 to approximately S micrograms of antimony were 
present, specimens containing more than 5 micrograms 
were extracted with 20 or 30 ml. of benzene instead of 10 
ml., and the results obtained were corrected accordingly. 

Because of the small daily variation of color intensity 
due to varying speeds of color development and room and 
water temperature, standards were prepared daily by add- 
ing known amounts of antimony to normal plasma, blood, 
ct cetera, and carrying these through the entire procedure 
concurrently with the unkno\\Tis. The digestion process 
was included in the preparation of the standards in order 
to compensate for possible traces of contaminants in the 
large amounts of acid used and for the small loss due to 
spattering during tlie digestion (probably less than 5 per 
cent). Reagent blanks and plasma, blood, and other 
blanks were also prepared in a similar manner. 

7. Note on blood and jcccs 

The reduced blood digest contains a precipitate of iron 
.salts whidi interferes in the subsequent color development 
probably by adsorbing some of tire colored complex. 
This precipitate is dissolved by adding 6 ml. of 4.5 X 
sulfuric acid and boiling the mixture until SOj fumes be- 
gin to appear. The yellowish-green solution remains 
clear and becomes almost colorless on cooling, but pre- 
cipitation u-ill again occur after several hours. The iron 


now in solution in the blood digest interferes by giving 
a blank; so it must be removed in order to obtain precise 
results. This iron may be removed by precipitation as 
ferric ferrocj'anide, but in the presence of less than 2 mgra. 
of iron, low recoveries are sometimes obtained, presumably 
because of adsorption of the colored complex on the semi- 
colloidal precipitate. In the last 2 sets of determinations, 
excellent results were obtained by adding enough iron to 
insure the development of a quickly-flocculating precipi- 
tate. 

The final changes in the regular procedure when ap- 
plied to blood are as follows: After reduction the iron 
salts are first brought into solution. The hydrochloric 
acid used contains 1 mgm. of ferric iron per ml. (total 
5 mgm.). In order to prevent the precipitation of some of 
the potassium ferrocyanide by the strong acid present in 
the digest, this reagent is added in combination with the 
Rhodamine B as a 2 per cent solution. Under these 
conditions the precipitation is complete and almost in- 
stantaneous. Blanks to which have been added as much 
as 5 mgm. of iron give readings practically identical with 
those obtained in the absence of iron. 

In stools, interference by precipitated salts in the digest 
was partially eliminated by adding 2 ml. of water after 
the reduction and heating as with the blood digest. Color 
w'as developed in the usual manner with the exception 
that 12 ml. of phosphoric acid were used to help prevent 
the precipitation of salts during the process. It is be- 
lieved that any slight interference by the presence of small 
amounts of iron can be prevented by following the pro- 
cedure used with blood. 

f 

8. Calculations 

The optical densities are read in 19 mm. cuvettes on a 
Coleman Junior Spectrophotometer at a wave length of 
565 mu. Reagent blanks, prepared by carry-ing 5 ml. of 
water through the entire procedure, usually gave trans- 
mittance readings of approximately 98.7 per cent against 
benzene at 100 per cent. The reagent blanks are set at 
100 per cent, and the unknown are read against them. 
The plasma standards are read against tlie plasma blanks 
set at 100 per cent because of tlie possible presence of 
traces of antimony in the plasma used. The optical den- 
sity of the imknown is divided by the optical density per 
microgram of antimony present in the standard to give the 
number of micrograms of antimony present in the sample. 

9. Precision of the method 

The precision of tlie method may be gauged by the data 
in Table I, in which arc recorded the results of recovery 
experiments done in the last 4 scries of determinations 
of the antimony concentrations of plasma, red blood cells, 
urine and feces made during a period of over 1 montli. 
The mean error of the plasma recoveries in a range of 
1-5 micrograms was 3 per cent The mean error of the 
other recoveries was approximately 5 per cc.nt, .altheu.gh 
the s-ariations encountered on seme of these particular 
days were somewh.at greater than usual. 
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TAHI.1-; I 

Recovery of added antimony in successive scries of determinations 


Anti- 





Date 




mony 

ncldcd 

Date 

Plasma (5 ml.) 

Date 

Urine (5 ml.) 

I'cccn (0.5 gram) 

Date 

BIockI (S ml.) 


micro- 


Per cent of areraee 


per eent of arerace 


per eent of oreraee 


per cent of orerofte 


11/15 

b = 0.0717 

10/31 

D 0.0684 

11/6 

n « 0.0677 

11/21 

D - 0.061 4 

0.5 




(I) 103 



1.0 


(2) 103 ± 1 


(2)100d:0 
(2) 101 iO 
(2) 99 ±0 


(1) 98 
(1) 100 


(2) 91 i6 

.5.0 


h) 99 ± 1 




(2) 98 db 2 

5.0 


(2) 99 ± 2 



(1) 98 


(2) no :h 3 


11/16 

D = 0.0691 

11/7 

D 0.0689 

11/9 

D 0.0677 

11/27 

D " 0.0702 

1.0 


(2) 102 i9 


(1) 95 


(2) 103 ±3 

3.0 1 


(2) lot ±0 


(I) 99 


(1) 102 


(2) too iO 

5.0 


(2) 99 i 4 


(2) 99 ± 1 


(1) 102 


(2) 97 ± 6 


12/1 

D = 0.0635 

11/20 

D r, 0.0695 

11/19 

D " 0.0720 

11/22 

D » 0.0631 

' 1.0 

(1) 93 

<2) 109 i 13 


(1) 101 


(2) 103 ± 0 
(2) 97 db IS 

3.0 


2) 103 ±3 
(2) 100 ±3 


(2) 103 ±3 


(I) 99 


5.0 



(2) 88 ± 7 

12/3 

0) 97 


(2) 100 db3 


12/3 

D = 0.0690 

11/28 

D " 0.0674 

13 - 0.063 1 

12/3 

D " 0.0687 

1.0 


(2) 96 ± 1 


(2) 100 i 2 


(2) 90 i 5 


1 ml. (2) 102 i 3 
tOml. (1) S3 

3.0 


(2) 107 ± 1 

1 

(2) 100 ± 2 


(2) no i 1 


1 ml. (2) 103 ± 2 

10 ml. (2) 103 ±‘i 

5.0 


(2) 97 ±0 


(2) too ± 2 


(2) 100 i 3 




•Average error 3 per cent 


Average error 4 per cent 


Average error 5 per cent 


Average error 5 per cent 



Range —7 per cent to 


Range —18 per cent to 


Range —15 per cent to 


Range — IS percent to 



-t-8 per cent 


+22 per cent 

■ 

-fll per cent 

■ 

-f 13 per cent 


D = Average optical density per microgram of added antimony. 
( ) = Number of determinations. 


RESULTS 

1. Plasma concentrations 

Plasma antimony concentrations were deter- 
mined at various intervals during and after treat- 
ment with both tartar emetic and fuadin. The av- 
erage pre-dose 48-hour values are shown in 
Figure 1. At the beginning of treatment the av- 
erage concentration was about 8 micrograms per 
liter probably as a result of previous courses of 
treatment. As the course of treatment pro- 
gressed the plasma concentrations increased 
rather rapidly to about 85 micrograms per 
liter after 3 weeks of treatment, and then more 
slowly to a final concentration of approximately 
100 micrograms per liter. The concentrations in 
the fuadin group increased more rapidly in the 
early stages of treatment because larger amounts 
of antimony were given at this time. When the 2 
groups of values are compared on the basis of the 
total amount of antimony administered by each 
particular time, they are nearly identical. Ap- 
parently, equal amounts of antimony given as 
either tartar emetic or fuadin in approximately 
equal periods of time result in nearly identical 
equilibrium plasma antimony concentrations. 

After the discontinuance of treatment both 
groups of plasma concentrations decreased at 
about the same rate. By 6 days after the final dose 


(4 days after the 48-hour equilibrium level had 
been attained) the average concentrations had de- 
creased by about 35 per cent, at 12 days by 52 per 
cent, and at 28 days by 80 per cent. At 100 days 
after the end of treatment the average plasma con- 
centration was still 7 micrograms per liter, nearly 
identical with the pre-treatment value. 

The variations of the plasma, blood cell, and 
urine concentrations at intervals of from 15 min- 
utes to 6 hours after administration of the first 
dose, the first maximum dose, and 3 other doses 
including the last one were studied in groups of 
4 patients being treated with each drug. The re- 
sults obtained are shown in Figures 2 and 3. As 
one would suspect, the maximum plasma concen- 
tration was found at the 15-minute interval for 
tartar emetic and somewhat later for fuadin. The 
tartar emetic values dropped rather rapidly to 
nearly the equilibrium levels, but the fuadin plasma 
concentrations dropped more slowly. The latter 
values were considerably greater than those of the 
tartar emetic group at each time interval, although 
by 4 hours they were approaching the equilibrium 
values. Apparently, tartar emetic is removed from 
the plasma more rapidly than is fuadin. 

2. Blood cell concentrations 

At all stages of treatment with both drugs the 
concentration of antimony in the blood cells was 
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Fig. 1. At'ERAGE Pre-dose Plasma Antimony Concentr.ations During and After Tre.atment 


definitely greater than that in the corresponding 
plasma, although the cell-plasma ratios varied dur- 
ing and after the courses of treatment. In the case 
of tartar emetic the pre-dose cell-plasma ratio de- 
creased from a value of approximately 4 just be- 
fore treatment to about 1.7 at the completion of 
treatment. The average pre-dose (48-hour) cell 
concentrations on various days of treatment were 
as follows; Day 1, 29 ; 5, 77 ; 9, 94 ; 13, 105; 19, 
138 ; 27 , 157 ; 29, 183 ; and 37, 195 micrograms per 
liter. After treatment the cell-plasma ratios again 
increased with the average cell concentrations be- 
ing as follows : Day 2, 214 ; 3, 182 ; 6-10. 103 ; 39. 
49; 72, 39; and 110, 47. 

The pre-dose cell-plasma ratios in the fuadin 
group varied from about 4 on day 3 of treatment 
to approximately 1.8 after day 10. The pre-dose 
cell concentrations on \-arious days were as fol- 
lows; Day 3, 126; 5. 51 ; 9. 82; 13, 134; 19, 133; 
2.-'. 182; and 41. 165 micrograms per liter. After 


treatment the ratios again increased to about 4 at 
70 days with the average cell concentrations be- 
ing as follows ; Day 1, 215 ; 2, 186 ; 3, 206 ; 6, 131 ; 
35, 68; and 70, 45. 

The variations in blood cell concentrations at 
short interv'als after the administration of doses of 
the drugs were considerably different in the 2 
groups. In the tartar emetic group the maximum 
cell concentrations at 15 minutes were 7-15 times 
the pre-dose levels and were 6-8 times greater than 
the plasma concentrations at the same times. The 
cell concentrations decreased by approximately 50 
per cent in the ensuing 45 minutes and more slowly 
thereafter so that the average cell-plasma ratio at 
4 hours was about 10 after the first dose and 3 at 
the end of treatment. 

With fuadin, the cells reached tlieir peak anti- 
mony concentrations at alxint the time fii the 
maximutn plasma concentrations. T!;e ccl! con- 
centrations rose somev.hat highe.' titan did tr.o'e 
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of plasma and they dropped slightly more slowly. 
The peak concentrations were roughly half -as 
great as those found with tartar emetic and they 
decreased more slowly so that by 4 hours they were 
approximately the same as the tartar emetic 
values. The maximum cell concentrations were 
3-4 times the pre-dose levels and were 1-4 times 
greater than the plasma concentrations at the same 
times. The average cell-plasma ratio at 4 hours 
was approximately 3. 

Apparently, the early, more rapid decrease of 
the plasma concentration in the tartar emetic 
group is at least partially due to a more rapid up- 
take of tartar emetic by the blood cells. Subse- 
quently this antimony is transferred somewhere 
else without appreciably affecting the plasma anti- 
mony concentration. 

3. Excretion in urine 

In Figures 4 and 5 are plotted the average 24- 
hour antimony excretions of a few patients at 
different times during and after treatment. For 
comparative purposes are shown the average 
plasma concentrations of larger groups of patients 
at 2 or at 4 hours after drug administration and 


also 24 hours later. As is to be e.xpcctcd, the 
plasma concentration and the urinary excretion on 
the day of drug administration were greater than 
on the following day. The excretion increased 
from nearly 2 mgm. on the day of the first dose to 
approximately 6 mgm. on the day of the first full 
dose, to roughl}' 10 mgm. per day in the latter part 
of the treatment period. There were no marked 
differences in the 24-hour e.xcretions of these 2 
small groups, although the fuadin values tended to 
be slightly greater. At approximately 40 days 
after completion of treatment the average daily 
excretion was still roughly 1 mgm. per day in both 
groups while at about 100 days 0.2 mgm. was being 
excreted per day. 

The average urinar}' antimony excretions of the 
4 men in each group studied at short intervals after 
drug administration are also shown in Figures 2 
and 3. In the tartar emetic group the maximum 
rate of excretion was found in the first 15-minute 
period at the time of the maximum plasma and 
blood cell concentrations. The rate rapidly de- 
creased to a fairly constant level by 1 to 2 hours 
after the dose. The actual urinarj' antimony con- 
centrations did not follow the same pattern for 
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they tended to be smaller in specimens with larger 
volumes and lower specific gravities. In a few 
cases the forcing of fluids before and shortly after 
drug administration had no marked effect upon 
the rate of urinary antimony excretion. The aver- 
age excretion in the first 15 minutes ivas about 
3 per cent of the injected dose; in the first 2 hours 
it was 6 per cent and the 24-hour excretions 
ranged from approximately 12 per cent at the be- 
ginning of treatment to 25 per cent at the end of 
treatment. 

In the fuadin group the maximum rate of ex- 
cretion occurred at about the time of the peak 
plasma concentration. As a rule the maximum 
rates were lower than those of the tartar emetic 
group, but the rates of excretion decreased more 
slowly so that after about 2 hours the}' were greater 
than the corresponding tartar emetic rates. The 
actual urinar>' antimony concentrations in this 
group also varied with the specific gravities of 
the specimens. The average excretion in the first 
15 minutes was about 1.3 per cent of the injected 
dose; in the first 2 hours the excretions increased 
from about 4 per cent after the first dose to S per 
cent after tlic last dose. The 24-hour excretions 
increased from about 17 per cent after the first dose 


to 27 per cent after the sixth maximum dose, and 
in one case to 42 per cent after the twentieth maxi- 
mum dose. 

4. Excretion in jeces 

In Figures 4 and 5 are shown the average 24- 
hour excretions in a limited number of specimens. 
The average excretion varied from about 0.5 mgm. 
per day during the first week of treatment to ap- 
proximately 2 mgm. daily toward the end of treat- 
ment. Small amounts were still being excreted 
at more than 100 days after the completion of 
treatment. 

The combined excretion in urine and feces to- 
ward the end of treatment was roughlj' 24 mgm. in 
the 2 days following a dose, or approximately 55 
per cent of the amount administered in the dose. 
The remainder presumably was stored in the body. 

5. Concentration in bile 

Inteival specimens obtained from 1 patfent in 
each group by duodenal drainage contained dc.5nite 
amounts of antimony. The concentration o; .anti- 
mony increased shorth’ after dntg admini'tration 
and then slowly decreased. 
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RESULTS OF TREATMENT 

Following the end of a course of treatment 92 
of the 138 patients were followed by serial stool 
examinations (not less than IS per patient) until 
the stools again became positive or for a period of 
3 months if the stools remained negative. The 
various technics used on the same specimens con- 
sisted principally of the direct smear, gravity sedi- 
mentation, and centrifugalization methods. There 
were 33 patients treated with fuadin and, of these, 
27 men, or 82 per cent, were again passing eggs 
within 3 months or less, after cessation of treat- 
ment. These 27 men were again treated with fu- 
adin and 24 of them were again passing eggs in 
3 months’ time or less. Of the 59 patients treated 
with tartar emetic only 11, or 19 per cent, were 
again passing eggs in their stools within 3 months 
or less. 

SUMMARY AND CONCLUSIONS 

1. The method of Maren for the determination 
of microgram quantities of antimony has been mod- 
ified in order to make it more sensitive and spe- 
cific. When 0.5- to 5-microgram quantities of an- 
timony were added to 5-ml. portions of plasma, 
urine, and blood and to 0.5 gram of feces they 
were recovered with an average error of less 
than 5 per cent. 

2. One hundred thirty-eight patients were given 
156 courses of treatment consisting of the adminis- 
tration on alternate days of tartar emetic or of 
fuadin equivalent to 45 mgm. of antimony. After 
0.75 gram of antimony had been given in approxi- 
mately 5 weeks the average plasma antimony 
concentration in both groups was about 100 mi- 
crograms per liter. Four weeks later the concen- 


tration was 20 micrograms per liter. From 15 
minutes to 4 hours after drug administration, the 
fuadin values were considerably greater than those 
of the tartar emetic group. 

3. At all stages of treatment with both drugs 
the antimony concentration in the blood cells was 
definitely greater than that of plasma. For several 
hours after drug administration the tartar emetic 
group had decidedly higher blood cell concentra- 
tions than did the fuadin group. 

4. The combined excretion in urine and feces 
toward the end of treatment was roughly 24 mgm. 
in 2 days or about 55 per cent of the amount ad- 
ministered in the preceding dose. The remainder 
presumably was stored in the body. Small amounts 
were still being excreted more than 100 days later. 

5. Ninety-two patients were followed by serial 
stool examinations for an average of 3 months after 
completion of treatment. Within this period 82 
per cent of 33 patients treated with fuadin were 
again passing eggs, whereas only 19 per cent of 
59 patients treated with tartar emetic were again 
passing eggs. 

6. The question is raised as to whether the 
higher antimony content in the red blood cells of 
patients treated with tartar emetic within the first 
2 to 4 hours after drug administration than in 
those treated with fuadin is a factor in the greater 
therapeutic efficiency of this drug since it is known 
that the adult worms digest the host’s er}'throcytes. 
On the other hand, the known differences of distri- 
bution of the two drugs may be directly related to 
this question. 
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While staphylococci are among the species of 
gram-positive bacteria considered to be susceptible 
to the antibacterial action of penicillin, a number of 
investigators have reported that there are some 
strains of coagulase-positive staphylococci which 
are naturally resistant to penicillin (1 to 11). Of 
added clinical importance is the fact that patho- 
genic strains originally sensitive to therapeutic 
concentrations of penicillin may become resistant 
to the antibiotic in patients who have received 
treatment with penicillin (7, 12 to 19). In an 
attempt to define the nature of the resistance of 
staphylococci to penicillin, the results of several 
studies have appeared in which sensitive strains 
have acquired a high degree of resistance by in 
vitro methods (4, 11, 13, 18, 20 to 24). Todd 
and Turner (25) succeeded in adapting 2 strains 
of staphylococcus resistant to penicillin by mak- 
ing repeated subcultures of the cocci in increas- 
ing quantities of penicillin. When the strains 
had acquired resistance, they subcultured the or- 
ganisms daily in broth without penicillin and ob- 
served that there was a rapid decline in resistance. 
As a result of these observations, they assumed 
that the resistance of staph 3 dococci which devel- 
oped in the body was not a permanent cliaracter- 
istic of the organisms and that, upon withdrawal 
of the drug, the bacteria would quickly revert to 
a state of sensitivit}*. On the other hand, Spink 
and Ferris (26) showed independently that staph- 
ylococci which had acquired resistance in vitro 
lost this resistance when grown and transferred 
in the absence of penicillin, but tliat penicillin-re- 
sistance attained in the bodj' appeared to be a 
permanent characteristic of the bacteria. This 
distinction between acquired in vitro and in vivo 
resistance has been confinned by others (11, IS), 

One of the major problems related to penicillin- 
resistance is whether penicillin.ase plays a role in 

' Aided by grants from Sharp and Dohmc, Ina : tlic 
Committee on Scientific Research of the American ?>Icdi- 
cat .'\s5ociation : and the Graduate Schoo!, University of 
Minnesota Medical School. 


the resistance displayed by staphylococci. Abra- 
ham and Chain (27) first showed that E. coli 
produced an enzyme, designated as penicillinase, 
which destro 3 "ed penicillin, but in a later observa- 
tion by Abraham and others (4), a strain of 
Staph, aureus adapted b 3 ’^ in vitro methods to grow 
in the presence of high concentrations of penicil- 
lin did not produce penicillinase. McKee, Rake, 
and Houck (28) encountered a strain of Staph, 
aureus which was resistant to penicillin and which 
formed a filter-passing enz 3 'me capable of destroy- 
ing penicillin. Bondi and Dietz (8) concluded 
that penicillinase was responsible for the resistance 
to penicillin of naturally resistant strains of staph- 
ylococci, but the 3 ' (21) also pointed out that other 
species of bacteria, notably gram-negative organ- 
isms, did not owe their resistance to the production 
of penicillinase. Kirby (29) demonstrated that 
strains of staph 3 dococcus which were naturally re- 
sistant to penicillin possessed a potent inactivator 
for penicillin, whereas this propert 3 ' was absent 
in sensitive strains. This observation was ex- 
tended by Spink and Ferris (26, 30) , who showed 
that strains of staph 3 ’lococcus made highly re- 
sistant to penicillin by in vitro adaptation did not 
produce an inactivator for penicillin; and, in ad- 
dition, there appeared to be a quantitative rela- 
tionship beUveen the degree of resistance and the 
production of an inactivator for penicillin for 
naturall 3 ’- resistant strains or strains which had ac- 
quired resistance in vivo; that is*, the more resist- 
ant a strain, the more potent tlic inactirator. 
Demerec (24) has approached the problem of 
penicillin resistance with a different t 3 ’pe of experi- 
ment than tliat used b 3 ’ the foregoing investigators. 
Starting witli a strain of staphylococcus sensi- 
tive to the action of penicillin, subcultures were 
made on agar plates containing penicillin. In this 
manner, he obscr\-ed that the sensitive strain gave 
rise to small numbers of variants which were re- 
sistant to low concentrations of peniciilin. Vi’h.en 
tl’.esc variants were pennitted to grov.', t'.erc v.-as 
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a gradual increase in variants which were highly 
resistant to penicillin. Dctnercc concluded that 
acquired iu vitro resistance occurred independently 
of penicillin and involved a number of mutations 
and genic changes. In other words, resistance is 
an inherited characteristic of a given strain, and 
not acquired through the interaction of the bac- 
teria and penicillin. Although he stated that the 
resistance persisted for the period of the experi- 
ments, it is not known from the data presented 
whether the resistance was of a permanent nature. 
Furthermore, it is not known whether the resist- 
ant mutants produced an inactivator of penicillin. 
In a follow-up study of Demercc’s work in the 
same institution, Luria (31) has indicated that 
there are two types of penicillin-resistance as far 
as the staphylococcus is concerned, namely, resist- 
ance that develops as a result of mutation and 
resistance that is associated with penicillinase-pro- 
ducing strains. In other words, penicillinase ap- 
parently plays no role in the inherited and perma- 
nent type of resistance, a conclusion which is at 
variance with the observations of others and the 
results in this report. Luria has emphasized that 
if a small inoculum of organisms is used in the 
in vitro test for sensitivity, penicillinase-producing 
strains have individual cells which are sensitive to 
penicillin. However, as will be pointed out 
shortly, the degree of resistance is related to the 
potency of penicillinase produced by a given strain. 

Because there appears to be a lack of general 
agreement concerning the mechanism or mecha- 
nisms whereby penicillin-resistant strains of staph- 
ylococcus are established, the present report in- 
cludes a series of studies which have been carried 
out over a period of 4 years. Two fundamentally 
different types of resistance have been observed 
repeatedly. First, resistance that is acquired in 
vitro by adapting the organisms to grow in increas- 
ing concentrations of penicillin. This type of re- 
sistance is only a temporary property of the bac- 
teria and is not associated with the formation of 
penicillinase. The second type of resistance ap- 
pears to be a permanent characteristic of the 
strains and is always associated with the produc- 
tion of penicillinase. Furthermore, the degree of 
resistance is quantitatively related to the potency 
of penicillinase produced by a given strain. This 
type of resistance is an inherent property of some 


naturally resistant strains and of strains which 
have acquired resistance in the human body as a 
result of treatment. Tlie methods for oblaining 
penicillinase from staphylococci and the properties 
of this penicillinase will be described. 

MATERIALS AND METHODS 
Straws oj staphylococcus 

A tot.nl of 45 strains of coaRulasc-positive strains of 
staphylococcus was studied. All of the strains were re- 
covered from human patients. Of these strains, 25 were 
sensitive to the action of penicillin ; 9 showed a natural 
type of resistance; and 5 had apparently acquired re- 
sistance in the body as a result of treatment.^ Each of the 
strains was cultured on veal infusion or tryptose phosphate 
agar slants and stored in the refrigerator and subcultures 
were made monthly. 

Pcmcillw 

Nineteen lots of commercial sodium penicillin as mar- 
keted by 8 different companies were utilized. In the 
majority of instances, serial and comparative studies of 
penicillin-resistance and similar studies on the mode 
of action of penicillinase, were carried out with the 
same lot of penicillin. It was observed that sodium peni- 
cillin could be dissolved in sterile physiological saline, 
frozen, and then stored in a dccp-frccze refrigerator for 
weeks w'ithout loss of potency. Comparative studies 
were made between commercial sodium penicillin and 
crystalline sodium penicillin supplied by Merck & Com- 
pany. 

Determination of in vitro penicillin resistanee 

The sensitivity of each strain for penicillin was deter- 
mined by adding a standard inoculum of organisms to 
test tubes with liquid medium containing increasing 
concentrations of penicillin, and then seleeting as the end 
point that tube which showed no turbid growtii with tlie 
lowest concentration of penicillin. Three types of medium 
were used for growing the staphylococcus. In the initial 
experiments, Gladstone’s synthetic medium was em- 
ployed, the preparation of which has been described else- 
where (32). In later studies, veal infusion broth and 
tryptose phosphate broth were utilized because these 
media were prepared with less difficulty than Gladstone’s 
medium. The results of the sensitivity tests were es- 
sentially the same with all 3 media. The details of deter- 
mining the in vitro sensitivity of each strain to penicillin 
were as follows: a loopful of culture was taken from an 
agar slant and grown - for 2 to 3 generations in liquid 
medium. A 'standard, inoculum of 0.1 ml. of 10-® dilu- 
tion of a 24-hour cul rure was seeded into each of several 
test tubes containing one of the foregoing liquid media. 

2 Dr. Donald G.- Anderson of Boston kindly supplied 
us with 3 of the strains which had developed in vivo 
resistance. ' 
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Such an inoculum contained between 300,000 to 900,000 
organisms. Then 1 ml. of freshly prepared aqueous solu- 
tion of sodium penicillin was added in ascending concentra- 
' Ions to each of the tubes with the bacterial suspensions, 
^'he final volume in each tube was 10 ml. Incubation 
/ was carried out for 48 hours at 37° C. and then grou-th 
' of the organisms was determined by the presence of tur- 
bidi^. The results of previous studies had emphasized the 
importance of using a standardized and small inoculum 
of organisms in performing tests for penicillin sensitivity 
(5). A large inoculum of organisms required a higher 
concentration of penicillin for the inhibition of growth 
than a small inoculum. 

Development of in vitro fesistance to penicillin 

Strains of staphylococcus were made resistant to peni- 
cillin by exposing succeeding generations of organisms 
to increasing concentrations of the same lot of com- 
mercial sodium penicillin in Gladstone’s medium or veal 
infusion broth. The method was as follows: to each of 
several tubes containing 9 ml. of liquid medium and 1 ml. 
of sodium penicillin dissolved in isotonic saline solution 
was added a standard loopful of a 24-hour culture which 
had been grown in liquid medium. The initial concentra- 
tion of penicillin permitted turbid growth when the cocci 
were incubated for 24 hours at 37° C. When maximum 
growth was obtained with a given concentration of peni- 
cillin after loopful transfers every 24 to 48 hours, the 
concentration of penicillin was increased and the serial 
transfers repeated. Of considerable importance was the 
simultaneous transfer of control organisms from each 
strain in liquid medium without the presence of penicillin. 

Detection of penicillinase production 

The presence of crude penicillinase was determined for 
strains sensitive to the action of penicillin, strains made 
resistant in vitro to penicillin, naturally resistant strains, 
and strains which had become resistant in the human 
body. The method of obtaining penicillinase was that of 
Harper (33) as used for the paracolon bacillus, and as 
adopted for the staphylococcus by Kirby (34). Es- 
sentially, the method consisted of growing each strain 
on the surface of several agar plates for 24 hours at 37° 
C., preparing a thick emulsion of the organisms with 
distilled \\-atcr, extracting tlie cocci with acetone and 
ether, and tlicn drying tire bacterial residue in vacuo. 
Alter testing for sterility, the dried material was stored 
in the refrigerator. 

The potency of the penicillinase was ascertained in Uic 
following manner; a standard strain of staphylococcus 
sensitive to penicillin was grown for 24 hours in Glad- 
stone's medium or broth. Then 0.1 ml. of a 10'= dilution 
was added to each of several tubes containing synthetic 
medium or broth with 0.001, 0.01 or 0.1 mgm. per ml. of 
dried, extracted cells and increasing concentrations of 
J'enicillin. The mi.xturcs were incubated at 37° C. for 
4S hours and that tulx: which showed turbid growth with 
the highest concentration of penicillin indicated the num- 
l>er of iinils of penicillin dcstrovcil by penirillina'e. 


RESULTS ' 

I. Penicillinase jrom staphylococci 

Kirby (34) first designated the material ob- 
tained from the cells of staph)dococci which de- 
stroyed penicillin as a “penicillin inactivator,” and 
subsequently described some of the properties of 
this substance (29). Broth suspensions of the in- 
activator were completely inactivated at 56° C. in 
5 minutes. The inactivator could not be obtained 
in a cell-free filtrate. The rate of destruction of 
penicillin by the inactivator was the same at 2° C., 
22° C,, and at 37° C. In contrast to one of these 
properties, McKee, Rake, and Houck (28) ob- 
tained a strain of Staphylococcus aureus, appear- 
ing as a contaminant in a culture of Aspergillus 
fiaviis, which produced an enzyme capable of de- 
stroying penicillin. This enzyme was obtained in 
Seitz filtrates of broth cultures. More recently, 
Luria (31) reported that no inactivator for peni- 
cillin was obtained from filtrates of cultures of re- 
sistant staphylococci when sintered glass, Seitz, 
or Mandler filters were used. It appeared de- 
sirable to obtain more information concerning tlie 
properties of the inactivator of penicillin produced 
by staphylococci and to study its mode of action. 
In the following discussion this inactivator will be 
referred to as penicillinase. 

Intracellular nature oj staphylococcic penicillinase 

It was observed repeatedly that bacterial cells 
from cultures of staphylococci with the perma- 
nent type of resistance contained a potent penicil- 
linase after the cells had been extracted with ace- 
tone and ether and then dried. Several attempts 
were made to obtain the penicillinase in cell-free 
filtrates by growing the organisms in broth and fil- 
tering portions with Berkefeld, fritted glass and 
Seitz filters. The sterile filtrates contained no ac- 
tive agent against penicillin, thus confirming the 
findings of Luria (31). Penicillin-resistant or- 
ganisms were grown in broth for 24 hours, and 
then the flask shaken vigorously on a shaking ma- 
chine for S hours. When this material was fil- 
tered, the sterile filtrate did not conLain penicil- 
linase. 

Sterile supernatants of penicillin-resistant staph- 
ylococci were obtained only after considerable diffi- 
culty. Organism.s were grown for 24 ’nov.r.s in 
broth and then the majority of th.e celh renyjvfj’ 
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by centrifuging in the usual type of laboratory 
centrifuge. The supernatant was then centrifuged 
in a high speed centrifuge (13,000 r.p.ni.) in the 
cold for 1 hour. The top layer of the supernatant 
was carefully drawn off and this material was cen- 
trifuged for another hour. This sterile super- 
natant did not contain penicillinase. 

One hundred milligrams of dried bacterial cells 
from strain Rosen contained highly active penicil- 
linase. The finely dried powder was added to 100 
ml. of trj’^ptose phosphate broth in a flask and the 
contents shaken vigorously. The powder did not 
go into solution but was dispensed through the 
broth as a fine suspension. After equal parts of the 
broth were filtered through Berkefeld, fritted 
glass, and Seitz filters, no active penicillinase was 
present in the filtrates. 

The foregoing observations indicate that staphy- 
lococcic penicillinase is intimatel}^ associated with 
the bacterial cells and active material could be in- 
vestigated only with dried cells. 

Stability of staphylococcic penicillinase 

Sterile dried preparations maintained their po- 
tency for several weeks when kept at room tem- 
perature or in the refrigerator. When the powder 
was suspended in sterile physiological saline solu- 
tion and quickly frozen, there was no diminution in 
activity. Though no observations were made over 
an extended period of time, there was no loss of 
activity of aqueous or broth suspensions kept at 
room temperature for several days. Penicillinase 
was found to be heat labile. After 0.01 mgm. per 
ml. of dried powder prepared from a highly re- 
sistant strain was suspended in physiological saline 
solution and heated at 56° C. for 30 minutes only, 
1 unit per ml. of penicillin was destroyed by the 
heated product, whereas the unheated control in- 
activated 40 units. After heating at 80° C. for 30 
minutes, only slight inactivation of penicillin was 
noted by the same amount of material. 

Effect of pH on action of staphylococcic penicil- 
linase 

One mgm. per ml. of a dried preparation from a 
resistant strain was suspended in physiological 
saline solution in each of 3 tubes. The pH was ad- 
justed to 2.04, 6.90, and 11.30 and the contents 
incubated at 37° C. for 30 minutes and for 3 hours. 


At the end of these periods, the solutions were 
brought back to neutrality ntid the activity of the 
preparations tested against penicillin. The re- 
sults arc tabulated in Table I. It is to be noted 


TAIlt.K I 

Effect of pH on activity of 1 mgm. per ml. of penicillinase 


all 

Per cent reduction In activity nftcr 
incubation at .ti’C. 

30 minutes 

3 liours 

2.04 

50 

90 

6.90 

0 

0 

11.30 

1 

50 

100 


that there was a 50 per cent reduction in activity 
at the end of 30 minutes. In 3 hours, there was 
complete inactivation at a pH of 11.3 and a 90 per 
cent reduction in activity at 2.04, 

In the second experiment, the .same concentra- 
tion of material was incubated at 37° C. for 4 hours 
at a pH of 3.0, 7.4, and 9.0. Tabic II shows a 50 


TABLE 11 

Effect of pH on activity of 1 mgm. per ml. of penicillinase 


pH 

Per cent reduction in activity after 
incubation at 37°C. for 4 hours 

3.0 

50 

7.4 

0 

9.0 

100 


per cent reduction of activit}"^ on the acid side and 
complete inactivation in an alkaline medium. 

These results indicate that penicillinase from 
staphylococcus is more susceptible to changes in 
hydrogen ion concentration than the penicillinase 
obtained from an aerobic spore-forming bacillus 
belonging to the B. subtilis group as reported by 
Woodruff and Foster (35). The}'- observed no 
change in activity of the enzyme over a range of 
pH from 3.0 to 11.0. On the other hand, staph- 
ylococcic penicillinase appears to be more resistant 
to changes in hydrogen-ion concentration than the 
penicillinase studied by McQuarrie and his associ- 
ates (36) prepared from a gram-negative rod. 

Factor's infftiencing the action of staphylococcic 

penicillinase on penicillin 

The inactivation of penicillin by penicillinase was 
found to be dependent upon 2 main factors. First, 
the potency of the penicillinase utilized in a given 
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observation, , and, second, the period of time in 
which penicillinase was in contact with penicillin. 
The significance of these 2 factors is illustrated by 
the following experiments. Preparations of strain 
Bernardo II in concentrations of 1 mgm. per ml. and 
0.1 mgm. per ml. were mixed with 100 units per 
ml. of penicillin in physiological saline solution and 
permitted to stand at room temperature for 5 
hours. At the end of this period, the penicillinase 
was removed by filtration and the filtrate tested for 
penicillin activity. There was only a slight diminu- 
tion in the potency of penicillin which had been in 
contact with 0.1 mgm. per ml. of dried cells, where- 
as there was almost complete destruction of activ- 
ity with the mixture containing 1 mgm. per ml. 
When mixtures containing the same quantities of 
penicillinase and penicillin were allowed to stand 
for 18 hours at room temperature, there was com- 
plete loss of penicillin activity with both prepara- 
tions, 

Pencillinase prepared from strain Rosen always 
yielded a more potent material than that obtained 
from strain Bernardo II. When 0.2 mgm. per ml. 
of Rosen extracted cells were mixed with penicil- 
lin and tested for penicillin at the end of 1 and 3 
hours, it was observed that there was no loss of 


penicillin activity in 1 hour, but the potency of pen- 
icillin \vas considerably reduced in 3 hours. 

In a preliminary communication (30), this re- 
lationship of the potencj' of penicillinase and the 
time necessary for inactivation of penicillin was 
illustrated in another type of experiment. A con- 
stant amount of extracted cells -was added to each 
of several tubes containing increasing concentra- 
tions of commercial penicillin dissolved in Glad- 
stone’s medium. A small inoculum of a penicillin- 
sensitive strain of staphylococcus was seeded to 
each of the tubes and the mixtures incubated at 
37° C. Growth curves of the organisms were de- 
termined by measuring the density of the bacterial 
cultures with a photoelectric colorimeter at ap- 
propriate time intervals. It was shown that wdth 
increasing concentrations of penicillin a longer 
period of time was necessaiy for inactivation of it. 
The same type of experiment was repeated in the 
present study comparing the effect of 0.005 mgm. 
per ml. of dried Bernardo II cells upon increasing 
concentrations of commercial penicillin and a puri- 
fied preparation of crj'stalline sodium penicillin 
(Merck). The results are illustrated in Figure 1. 
The test strain used in this experiment was inhib- 
ited in growth by 0.05 unit per ml. of penicillin and 



Fig. 1. CoMP.\RATnx Effect of 0.005 iicu. pee ml. of ST.\rnvLococcic Pexicil- 

LIKASE ON THE GrO\\’Tn CCT.\T.S OF A PeXICILLIX-SeIIFFTFVX StE-’UX or ST.^mW-O- 
COCCL’S IM THE PRESENCE OF lNCr.E.\SINC CONCENTR-ATIONS OF CoMMETCI.'.L ScDIL'M 

Penicillin and "Pl-re" Crystalline Scsicm Peniciixin 

Concentmtioos oi penicillin expressed in units per cubic miliilitcr. 
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yet, if 0.005 mgm. per nil. of extracted cells con- 
taining penicillinase was allowed to remain in con- 
tact with penicillin for 40 hours, this strain finally 
grew out in the presence of 40 units per ml. of 
penicillin. 

Several attempts were made to determine if 
there was a linear relationship between the inacti- 
vation of penicillin by penicillinase. However, no 
close correlation between these 2 factors was found, 
probably due in part to the fact that onl}' crude 
preparations of penicillinase were available. The 
results of 1 experiment are given in Table III. 

TABLE III 

Growth of penicilliii-rcsislaiil strain of staphylococcus in 
relation to increasing concentrations of 
penicillin and penicillinase 
Incubation at 37°C. for 4S hours 


Units of penicillin per ml. 


bacterial cells with 
penicillinase 

0.05 

1 

5 

1 

10 

20 

•10 

60 

0.002 

-f 

0 

0 

0 

0 

0 

0 

0.004 

+ 

4- 

+ 

+ 

0 

0 

0 

0.006 

4- 

4- 

4- 

4" 

+ 

4- 

b 

0.008 

4“ 

4* 

4" 

4- 

4* 

4- 

+ 

0.010 

4 - 

+ 

4-. 

4- 

4- 

+ 

4- 


-f = turbid growth. 

0 = no turbid growth. 


Each of several tubes contained a standardized 
small inoculum of a penicillin-sensitive strain of 
staphylococcus in Gladstone’s medium to which 
were added increasing concentrations of extracted 
cells and sodium penicillin. The mixtures were 
incubated for 48 hours at 37° C. and then bacterial 
growth determined by the presence of turbidity. 

Continued action of staphylococcic penicillinase 

It was of importance to determine if a prepara- 
tion of penicillinase would continue to inactivate 
penicillin after one or more exposures to the anti- 
biotic. This was determined by adding 1 mgm. per 
ml. of extracted cells to a flask containing tryptose 
phosphate broth with 100 units per ml. of penicil- 
lin. After standing for 24 hours a portion of the 
mixture was filtered to remove penicillinase, and 
tested for penicillin activity. Then fresh peni- 
cillin was added to the flask and the mixture al- 
lowed to stand for another 24 hours, and a filtrate 
again tested for the presence of penicillin. It was 
observed that the preparation of penicillinase con- 
tinued to inactivate penicillin completely until 


sampling of the mixtures had reduced the con- 
centration of penicillinase to inefrcctivc levels. 
The contents of a control flask containing only 
broth and added penicillin did not reveal any loss 
of penicillin activity when handled in the same 
manner. 

77. Comparison of properties of resistant strains 

Staphylococci ivith resistance acquired by in vitro 
methods 

Four strains of staphylococcus isolated from pa- 
tients were adapted to grow in increasing concen- 
trations of penicillin. Strain Rutgers was cultured 
from a suppurative skin lesion, while strains Nel- 
son, Kcd, and Eden were isolated from patients 
with osteomyelitis. The initial sensitivity of these 
strains and the degree of resistance obtained after 
multiple transfers in Gladstone’s medium contain- 
ing penicillin arc shown in Table IV. A significant 

TABLE IV 

Development of resistance after multiple transfers in 
Gladstone's medium with increasing 
concentrations of penicillin 


Strain 

No. of transfers in 
increasing concen- 
trations of 
penicillin 

No. of units per 1 ml. required 
to inhibit growth 

Initial 

sensitivity 

After acquisition 
of penicillin 
resistance 

Rutgers 

117 

0.05 

6 

Nelson 

117 

0.05 

6 

Ked 

115 

0.10 

120 

Eden 

113 

0.10 

SO 


feature is that the degree of resistance acquired by 
the strains varied. Strains Rutgers and Nelson re- 
quired only 6 units per ml. of penicillin to inhibit 
growth while strains Ked and Eden necessitated 
120 and 80 units respectively. It was assumed at 
the time these observations were made that this 
acquired penicillin resistance was a relativel}’- per- 
manent property of the strains. Subcultures of 
these strains were made on veal agar slants and 
stored in a refrigerator, and transfers were carried 
out at monthly intervals. At the end of 11 
months, the strains were tested for their sensitivity 
to penicillin and repeated observations revealed 
that the acquired resistance was not present. 

In order to confirm these observations, the fore- 
going strains which had acquired and lost their 
resistance to penicillin were again adapted to 
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Strains which had acgidrci resi^atS' to penicillin (Table U) 
and then had lost this properly adapted a second lime 
to grow in l!te~f>resence of increasing 
concentralions of penicillin 




i No. of units per 1 ml, requiretl 


No. of transfers in 
increasing concen- 
trations of 
penicillin 

1 to inhibit Erotvth 




StT^in 

Initial 
seasiti vitr 

After aenuisition 
of peniciliin. 
resistance 

1 

Rutgers 

72 

0.05 

80 

Nelson 

72 1 

0.05 

40 

Ked 

72 

0.10 

600 

Eden 

72 

0.10 

20 


grow in increasing concentrations of peniciliiti. 
This time, these strains became resistant in a 
shorter period of time and, with the exception of 
strain Eden, a much greater degree of resistance 
was attained. The comparative resistance of 
these strains after 72 transfers is shown in Table 
V. The strains were then transferred to veal agar 
slants and placed in the refrigerator for 80 days. 
At the end of this period, sensitivity tests were car- 
ried out and the results revealed no loss of re- 
sistance after this one subculture and storage. Btit 
after multiple transfers, the resistance was lost. 

During the period when the 4 strains were be- 
ing adapted to penicillin, investigations were made 
rvith strain Ked. After 29 transfers in increasing 
concentrations of penicillin, the culture was plated 
out on agar, and 10 colonies were picked off the 
plate and tested for their sensitivity' to penicillin. 
The results are presented in Table VI. It is ap- 
parent tiiat in such a culture there are cells pos- 
sessing different degrees of resistance. This is of 


ococci 


Sib' prcauiivc 


of body fluids, such as^uffTr:. .p-.-Xna, would in- 
fluence the properties of staphylococci made resist- 
ant by hi vitro methods, strains Ked and Eden 
were transferred in a medium with penicillin and 
equal parts of human plasma and veal infusion 
broth. Although resistance to penicillin was ac- 
quired in this manner, the resistance was of only 
a temporary nature. These results are in agree- 
ment with the findings of Blair and his associates 
(11) who used human serum. 

Repeated attempts were made to obtain penicil- 
linase from the cells of those strains ivith acquired 
resistance, but in no instance ivas the material 
obtained. 

In summary', the resistance to penicillin of 
staphylococci established by in vitro methods is 
characterized by a temporary type of resistance, 
and the resistance is not associated with the pro- 
duction of penicillinase. 


Staphylococci tviih natural resistance 

Nine strains of coagulase-positive staphylococ- 
cus were isolated in 1942, or before, from the le- 
sions or blood of patients, subcultured on veal 
agar slants and stored in the refrigerator. These 
strains, then, were isolated before penicillin was 
available for clinical use. In 1943, sensitivity tests 
were carried out with these strains and it was ob- 
sen'ed that more than 0.5 unit and less than 1 unil 
per ml. were required to inhibit growth. Thes^ 
strains were subcultured on agar slants every’ 2 ta 


Table n 


Sensttix'ity tests with 10 colonies of strain Ked after 29 transfers in increasing concentrations of penicillin 


Colony number 


Control without penicillin 
Control with 0.05 unit per ml, of pcniciUin 
Control with 0.10 unit per ml, of penicillin 
Control with 0.50 unit per ml. of penicillin 
Control with S.OO units per ml. of penicillin 
Control with 10.00 units per ml. of penicillin 
Control with 20,00 units per ml. of penicillin 
Control with 40.00 units per ml, of penicillin 
Control with 60,00 units per ml. of penicillin 


1 

1 

2 

1 

i 3 

1 

4 

1 5 

6 

t'* 

S 
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-k 

-h 

4- 

4- 

4^ 
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4- ! 


4- 

\ -r 


4- 

4- 


4 - 

4 - 



4 - 

i 


4- 
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1 0 : 
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1 0 
j 

0 

6 

0 

0 : 

0 
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f " ttirbid pro-.vth- 
0 nr, turbid prQ->vlh. 















{VnicillinasC. , .. s ouscrvcci tliat a concctilration 
of 0.01 mgin. per ml. of extracted bacteria de- 
stroyed 20 to 40 units of penicillin per ml. 

Briefly, then, staphylococci possessing a natural 
resistance for penicillin have 2 properties diiTcrent 
from strains which have been adapted by in vitro 
methods to resist penicillin. The resistance ap- 
pears to be a permanent characteristic of the straitis 
and is associated with the production of penicil- 
linase. 

Staphylococci zoith acquired resistance jrom pa- 
tients treated zoith pencillin 

Over a period of 2 years, cultures isolated from 
5 patients have been studied extensively. In 4 of 
the 5 patients staphylococci were obtained before 
and after treatment with penicillin. Because of 
the significance attached to these coagulase-positive 
strains in the present studies, the history of these 
cultures is presented. Strain Eden was cultured in 
1942 from the blood of a young child who had 
staphylococcic bacteremia and acute osteomyelitis 
of the tibia. Strain Eden II was obtained from a 
draining osteomyelitic sinus in the same year after 
the child had received slightly over 2 million units 
^of penicillin. Strain Long was isolated from a 
draining lesion in the right costovertebral region 
originating from a perinephritic abscess. Strain 
Long II was cultured from the same area after 2 
million units of penicillin had been administered. 
The strains from patients Janson, Bernardo, and 
Rosen were supplied to us in 1944 through the 
courtesy of Dr. Donald G. Anderson of Boston. 
Strain Janson was isolated from an osteomyelitic 
sinus of a young adult in 1942. After approxi- 
mately 2 million units of penicillin, strain Janson 
II was cultured from the same sinus. Strain 
Bernardo was also isolated from an osteomyelitic 
lesion at approximately the same time as Janson, 
nd after the administration of 600,000 units of 
p^enicillin Bernardo II was cultured from the sinus. 
U is significant, as Anderson and his associates 
(14) have pointed out, that cultures of lesions 
Wde a year after the completion of treatment with 
' lenicillin showed the presence of resistant organ- 
’ ' %s. Strain Rosen was isolated from the blood 


lion unit.s of petu'-Ahn brlore tlic on.^ct of bnctcrc- 
niia. With the -of K()-:cn, {he compara- 

tive increase iti re.sistance of ilie ffjrogoing strains 
is given in 'j'able VII, 

. TAiii.r. vu 

Sensitivity of strains of siafihylrcn-cui from psiier.ts 

before and after treatment v:itk f'^nicMin 
No ciiUtirc obt.iincci from pitirru Ko cn Ix-fom treatment 


Strain 

Unitt p-r ml. of (iT.l UIin 
Inhibiting nro'.vtlt h-.-inri'r 
ttr.am-n*. 

Unit-; p-r ml. of tvol-lllin 
ir.hihitins enr.vth after 
Itratm-nt 

Ikicn 

0,10 

0.8 

Lonp 

0.05 

1.0 

lanson 

0.05 

1.0 

Bcrn.ardo 

0.05 

2.0 

Ko'Cn 


20.0 


One of the oiit.standittg features of the^e strains 
is that the resi.stancc has pcrsi.sted for up to 4 
years, although repeated .subcultures have been 
made. In fact, as will be pointed out shortly, 
there has been an increase in the degree of re- 
sistance. In addition to the characteristic of a 
persistetit resistance, these strains with acquired 
in vivo resistance produce penicillinase. The 
parent sensitive strains did not yield demonstrable 
penicillinase. 

Attempts to increase resistance of staphylococci 
zoith permanent type of resistance by in vitro 
methods 

The preceding studies have shown that sensi- 
tive strains of staphylococci may be adapted to 
grow in increasing concentrations of penicillin 
but that this acquired resistance was only tempo- 
rary. In view of this, strains with the permanent 
type of resistance were adapted to grow in in- 
creasing amounts of penicillin by methods already 
described. While these strains were being adapted, 
simultaneous transfers were made in culture me- 
dium without the presence of penicillin. 

The first series of observations were made witli 
strain Long II, which had acquired resistance 
in vivo in association with treatment of the patient 
with penicillin. On 3/3/45, a culture of Long II 
was divided into 2 parts. Daily transfers were 
made with one part thereafter in Gladstone’s me- 
dium, while the other part, known as Long III, 
was transferred daily in the same medium contain- 
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of dried cells inactivated 400 units per ml. of peni- 
cillin. The important feature of these observations 
is that resistance is correlated with penicillinase. 
The more resistant a strain, the more potent is the 
penicilli^l^ . produced by that strain. Further- 
more, re small amounts of penicillinase in- 

activated large" concentrations of penicillin. It 
should be pointed out, however, that the results as 
given in Table IX show only a relative quantita- ■ 
tive relationship between the degree of resistance 
and the inactivation of penicillin. This is very 
probably due to the fact that the method of prepar- 
ing penicillinase permitted only the use of crude 
material. 

DISCUSSION 

These studies emphasize the distinction between 
the 2 types of resistance to penicillin manifested by 
staphylococci. A clarification of these differences 
has been desirable, particularly from the viewpoint 
of the development of resistant strains of staphylo- 
cocci in patients as a result of treatment with 
penicillin. The type of resistance which results 
from adapting strains in vitro to grow in increas- 
ing concentrations of penicillin is not a permanent 
characteristic of these strains, and this resistance 
is not associated with the production of penicil- 
linase. It is not definitely known whether this 
type of temporary resistance occurs in the human 
body following therapy with penicillin. If the 
phenomenon does occur, it is probably of little 
clinical significance, since such strains have been 
shown to be less virulent than the sensitive parent 
strains (22, 11, 18). The underlying mechanism 
whereb}' penicillin-sensitive strains acquire a tem- 
porary resistance to the action of penicillin is not 
clear. 

The second type of penicillin resistance, which 
appears to be a permanent characteristic of the 
strains and is accompanied by the production of 
penicillinase by these strains, is of considerable 
importance in the clinical use of penicillin. The 
most acceptable explanation for the origin of 
strains with the pennanent type of resistance is 
that afforded by Dcmcrcc (24) and, independently, 
by Kirby (9). namely, that cultures of penicillin- 
sensitive strains contain resistant \ariants capable 
of mutating toward a stale of a high degree of rc- 
.sistance if these cells are given an opportunity to 


multiply rapidly. The present studies also show 
that penicillin-resistant strains may acquire a much 
greater resistance to penicillin if the cells are per- 
mitted to multiply rapidly, even in the absence of 
penicillin. /Ce 

In describing the development of penicillin-re- 
sistant staphylococci by the mechanism of mutation, 
Demerec (24) did not state whether the resistant 
cells produced penicillinase. On the other hand, 
Kirby (29) isolated cells from penicillin-sensitive 
strains of staphylococci which proved to be re- 
sistant to penicillin and which produced penicillin- 
ase. In a follow-up study of Demerec’s work, Luria 
(31) discounted the role of penicillinase in the 
mechanism of penicillin-resistance by emphasizing 
that the individual cells of resistant and penicil- 
linase-producing strains were sensitive to small 
concentrations of penicillin. The fundamental 
question is not whether a given strain produces 
penicillinase but rather how quickly and how po- 
tent is the penicillinase produced by a strain in 
relation to the concentration of penicillin and the 
time necessary for the antibiotic to destroy the 
cells. It is to be recalled that in their original re- 
port, Abraham and Chain (27) found that M. 
lysodeikticus produced penicillinase, and yet this 
strain was sensitive to penicillin. The present in- 
vestigations show that strains of staphylococci with 
a relatively high degree of resistance produce a 
potent inactivator of penicillin ; the greater the re- 
sistance, the more potent the penicillinase. This 
relationship of penicillinase production to the re- 
sistance of penicillin has been demonstrated for 
other species of bacteria. Woodruff and Foster 
(35) described an aerobic spore-forming bacillus 
belonging to B. sublilis group which at pH 6.0 or 
above was not inhibited in its growth by several 
hundred units of penicillin because of the penicil- 
linase produced by that strain. However, when 
the same strain was grown at pH 5.5. no penicil- 
linase was produced, and growth was inhibited by 
10 units per ml. of penicillin. hlcQuarric and his 
associates (36), working with 3 strains of spore- 
forming gram-negative rods, noted a quantitative 
relationship between penicillin-resistance and the 
production of penidlHnasc. The present discus- 
sion relates primarily to the mechanism wb.ereby 
.staphylococci resist the action of penicillin !>ecn’.;sc 
of penicillinase. It is well c^tablislscd tlsat otr.cr 
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mechanisms arc responsible for resistance with 
other species of bacteria since many gram-negative 
bacteria are highly resistant and yet do not pro- 
duce penicillinase (21). 

The observations presented here and those of 
others (35 to 39) indicate that the penicillinases 
from different species of bacteria arc not identical 
but possess different physico-chemical properties, 
though thc}’^ all have the common property of in- 
activating penicillin. It is of interest that Perl- 
stein and Liebmann (40) produced an anti-penicil- 
linase immune scrum by injecting rabbits with 
purified penicillinase. The significance of this ob- 
sen’^ation must await further investigations. 

Clinically, the potentialit}' of penicillin-resistance 
in staphylococci should be recognized, with the ob- 
ject of treatment being to destroy all the organisms 
within the shortest possible time. If inadequate 
concentrations of penicillin are present in the body 
fluids or tissues of patients, the more susceptible 
bacterial cells may be eradicated, providing an op- 
portunity for the resistant variants to multiply. 

SUMMARY 

1. Two types of resistance to penicillin have been 
described for staphylococci. The first t 3 'pe is an 
adaptation that may be reproduced hi vitro, and 
the resistance is of a temporary nature and not as- 
sociated with the production of penicillinase. 

2. The second type which occurs in patients as 
a result of treatment with penicillin results in the 
establishment of strains with a permanent resist- 
ance to penicillin, and these strains produce penicil- 
linase. 

3. The mechanism whereby temporary resist- 
ance takes place is not clearly understood. The 
permanent type of resistance involves the presence 
of resistant cells in a penicillin-sensitive strain, 
which, when permitted to multiply rapidly, es- 
tablish a uniformly resistant strain. 

4. The magnitude of the resistance to penicillin 
manifested by the permanent type of resistance is 
quantitatively related to the potency of penicillinase 
produced by the strains. 

5 The establishment of resistant strains of 
staphvlococcus in the human body can be prevented 
by the prompt use of adequate quantities of peni- 
cillin. 
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Recent work reported from this laboratory ( 1 to 
7) has shown that clostridia grow and produce 
toxins readily in anoxic muscle iu vivo, and that 
they are readily introduced into dog muscles dur- 
ing the course of traumatizing procedures. More- 
over, our previous experiments have suggested that 
these and perhaps other bacteria may be respon- 
sible for a toxic factor contributing to shock in 
traumatizing wounds. Since clostridia are known 
to be frequent contaminants of war wounds (8, 9) 
it appeared desirable to study the physiologic ac- 
tion of clostridial toxins in order to detennine 
whether these toxins could produce shock * alone 
or in synergy with blood or plasma loss following 
trauma. 

Since the action of these toxins depends on the 
amount used, the route of injection, and the rate of 
injection, we have given attention to these vari- 
ables. Wright (12) has criticized studies on the 
pharmacologic effects of Cl. zvcichii toxins in which 
large doses of toxin were administered rapidly, in 
a manner unlikely to have a parallel in the clinical 
disease. Study of the effects of the CL welchn 
toxic filtrate has a particular interest in that the 
specific enzymatic nature of its probable principal 
component (the alpha toxin or lecithinase) (13) 


and one of its minor components (hyaluronidasc) 

(14) arc known. The lethal properties of CL 
Zi'clcltii (Type A) organisms appear to correlate 
well with their ability to produce the alpha toxin 

(15) . It is therefore possible to interpret physio- 
logic and pathologic effects of these toxins on the 
basis of their substrate specificities. 

MATERIAL AND METHODS 

Three preparations of Cl. scelchii (Type A) toxins have 
been used: (1) glycerol dialyzed toxic filtrate of Cl. 
wckhii, (2) a more purified lecithinase (alpha toxin) 
from Cl. zvcichii, and (3) a purified Cl. zvcichii hy- 
aluronidase.® The glycerol dialyzed toxic filtrate has as- 
sayed from 500 to 1,760 mouse subcutaneous MLD (LD,^) 
per ml. in different batches. The Lb (biological limit) 
varied from 17 to 43 in the various filtrates. It was made 
by dialyzing sterile filtrates from Cl. zvcichii (Type A), 
strain BP6K, against glycerol for 18 hours at 4® C This 
toxic filtrate has been found by Logan (16) to contain 
chiefly alpha toxin, a small amount of theta toxin (ac- 
counting for fewer than 5 out of a 1,000 MLD), and 
100 to 200 viscosity reducing units and 2,000 to 6,000 
mucin clot prevention units of hyaluronidasc activity per 
ml. The Cl. zvcichii hyaluronidasc preparation contained 
no demonstrable alpha toxin, 120 van Hej-ningen units of 
theta toxin, and greater than 6,400 mucin clot prevention 
units of hyaluronidasc activity per ml. (16). Anotlicr 
enzyme, a decarboxylase, which converts histidine to 
histamine, frequently present in strains of Cl. zvcichii (17), 


— , , ^ ^ • • was not found in the toxic filtrates used in these experi- 

1 This is publication No. 630 of the Cancer Commission 

of Harvard University, and No. VIII of the series en majority of experiments, mongrel dogs weighing 

titled “The Toxic Factors m xpenmen a rauma ic between 8 and 15 kgm. were fasted overnight, anesthetized 

Shock.” ... j j intravenously with 30 mgm. of sodium pentobarbital per 

2 The work described m this paper %vas done under a weight, and were maintained as indicated 

contract, recommended by t e ommi ee on e ica anesthesia by subsequent small doses of the 

Research, between the Office o ci^ i c an anesthetic. The trachea was exposed and cannulated so 

Development and the Massachusetts General Hospital. 

oxygen consumption could be recorded by a 

3 Grateful acknowledgment is ^^e ^he Josiah ^^cy -Jr. ^ight carotid artery was cannulated and 

Foundation for a grant for the histopathological smdies. ^ recording mercury manometer; and the 

4 We regard shock as ^ .. . , left external jugular vein was exposed so that a catheter 

primarily a decline in the e ec ive volume outout inserted to the level of the right auricle, in order 

ume, followed by a decrease in th mi^^u e ^ venous blood samples and to measure 

f the heart an increase in peripheral vascular resistance, 

or tnc > mean arterial blood pressure and a ® The first and, third have been generously supplied by 

an even ua tissue anoxia, resulting in death. Dr. Milan A. Logan, and a limited quantity of purified al- 

progressive Ion agrees with conceptions commonly held pha toxin was obtained through the kindness of Dr. A. M. 
This de m lo Pappenheimer, Jr. 


Foundation for a grant for the histopathological studies. 

4 We regard shock as a syndrome in which there is 
orimarily a decline in the effective circulating blood vol- 
Le followed by a decrease in the minute volume^ output 
^the heart, an increase in peripheral vascular resistance, 
an eventual fall in mean arterial blood pressure and a 
progressive increase in tissue anoxia, resulting in death 
definition agrees with conceptions commonly held 

( 10 , 11 ). 
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venous pressure. Femoral vessels were used for obtain- 
ing arterial blood and for intravenous injections. In ad- 
dition to continuous recording of blood pressure, cardiac 
output was determined at intervals by Pick’s principle, 
and total peripheral vascular resistance was calculated as 
the quotient: blood pressure/cardiac output. Body tem- 
perature was recorded by a rectal thermometer. Heparin- 
ized blood samples were taken to measure hemoglobin 
concentration, hematocrit, and plasma hemoglobin (when 
hemolysis was present). Hemoglobins were determined 
on the Evelyn photoelectric colorimeter using the 540 mu 
filter. 

In several cases, electrocardiograms were taken, using 
the 3 customary leads. In one case, X-ray pictures were 
taken for cardiac size and configuration. Plasma volume 
determinations were performed by the T-1824 plasma dye 
dilution method (18). Plasma protein was estimated 
by micro-Kjeldahl nitrogen determination. Prothrombin 
times were done according to the method of Quick (19). 
All dogs were carefully autopsied and organ weights were 
recorded. Sections were routinely fixed in Zenker’s 
solution. Certain tissues were fixed in 10 per cent form- 
alin, and frozen sections were stained with Sudan IV for 
fat. 

Cl. wclchii toxic filtrate, which was stored in 30 per 
cent glycerol, ^vas diluted 1 ; 3 with physiologic saline solu- 
tion before intramuscular injection, and a control ex- 
periment was done by using 10 per cent glycerol in saline. 
Intravenous administration was either “rapid” (the dose 
being given within S minutes) or “slow” (further diluted 
with saline and given by intravenous drip over a period 
of 2 to 3 hours). The level of free alpha toxin in the 
blood stream was followed by means of a modification of 
the egg yolk turbidimetric method of van Heyningen (20). 

In tabulating results, dosages have been expressed in 
terms of mouse MLD per kgm. body weight. For com- 
parison behvccn the species, it will be recalled that the 
lethal dose for a mouse should be in the vicinity of 40 to 
SO MLD per kgm. 

The control dogs, listed in Tabic I, were treated in 
precisely the same way as the experimental animals, with 
the exception that toxic filtrate was omitted. A num- 
ber of other controls were run, in which either CL •nr/c/iii 
immunized dogs were used, or in which CL wlchii anti- 
toxin was mixed with the toxic filtrate prior to injection 
into the animal. The experiments on the effect of toxic 
filtrates on immunized animals will be discussed at length 
in a future communication (22). 

RESULTS 

Lcciihiiiasc {alpha toxht) 

Purified CL •n’clchii Iccithinasc (alpha toxin) 
''ns given intravenously to 2 dogs, and intramus- 
cularly to 2 dog.s. The results of intravenous ad- 
ministration were similar to those 'vhich 'vill be 
described for the glycerol dialyzed pcrfringcns 
filtrate: a dose of 40 MLD per kgtm. caused almost 


complete hemolysis (terminal hematocrit 5 per 
cent) and death in 2 hours, 'vith small amounts of 
hemolyzed pleural and ascitic fluid and massive 
intestinal bleeding noted at postmortem examina- 
tion. Intramuscular administration (60 to 90 
MLD per kgm.) resulted in only a very small 
amount of local edema after 5 hours, in contrast to 
massive S'velling produced by the 'vhole perfrin- 
gens toxin. This could be due to the absence in 
the purified alpha toxin of some accessory factor, 
such as h)'aluronidase. 

Glycerol dialyzed Cl. welchii {Type A) toxic 

filtrate 

Intravenous route: Nineteen dogs 'vere given 
various amounts of CL welchii toxic filtrate in- 
travenously, ranging from 6 to 800 MLD per kgm. 
When lethal doses (over 50 MLD per kgm.) 'vere 
given, a fairly constant physiological picture re- 
sulted. Follo'ving rapid injection of large doses, 
the blood pressure fell precipitously to 30 to 40 mm. 
Hg 'vithin 5 to 10 minutes, and then maintained 
this level for an hour or more before the terminal 
decline. When smaller amounts of toxic filtrate 
'vere given, or 'vhen it 'vas given more slo'viy, 
there was no immediate response of the blood 
pressure, but the pressure declined more gradually. 

Table I summarizes a number of changes occur- 
ring in animals in this group. It will be obsen’ed 
that the cardiac output, blood pressure, hemo- 
globin, and hematocrit sho'v significant declines 
prior to death of the animal. There 'vas, ho'vever, 
no significant change in the peripheral vascular 
resistance. A decrease in the whole blood hemo- 
globin and hematocrit levels provided the earliest 
consistent reflection of the downward trend of die 
animal. Figure 1 illustrates the interrelationships 
of these data in a tj-pical animal. 

In 2 cases, the level of free alpha toxin in the 
blood stream 'vas follo'ved by '"an Heyningen’s 
method (20), while toxin was administered by 
slow intravenous drip. The rise in the level of free 
alpha toxin in the blood stream v.as paralleled by a 
rise in the plasma hemoglobin and a fall in the 
hematocrit. In 10 out of the 12 dogs receiving a 
lethal dose of to.xin (in which plasma hemoglobin 
"•as quantitated), the plasma was deep red. and the 
plasm.a hemoglobin reached Icveh fretween 1 and 
/ grams per cent. Plasma protein con.:rnt.m.!i''.n 



TABLE I 

Effects of Cl. welchii toxic filtrate 


396 


PAUL C. ZAMF.CNIK, IRA T, NATIIANSON, AND JO.SEPII C. AUB 



Termi- 

nal 

lo-^ccotocooe^'c 
f'l ro CS 

VO 

1- 

»-4 

o 

V 

1 >0 'O O 'O 1'- 'C 'O 

C* 

r^i 

+ 

m 

o 

V 

g 

1-2 

lira. 

after 

toxin 

t-»0C0C\»0O*t*t^O 
fO ro •r ^ 

VO 

7 


i Os -t po O rj o ri fo CO •?* 

j to *0 »o »o *o >0 f »o *o ^ 

o 

7 


1 

c 

Con- 

trol 

II 

t^Cv«OCvOOOOC\f^ 

1 fO ro •r fO 

+ 


1 — -t'VOC^C'POroOO’OiO 

1 o »o -r -r -r «o lo -r 'o -r -r 

1 

»o 

+ 



Con- 

trol 

I 

' C\f^ cot^ 

1 to 

i 

nt^-r^co 
*o *0 t* •T *0 PO 


Termi- 

nal 

00 o r -1 -i; o p o lo 
»ovdr^cs»0'dot^t^ 

o 

T 

to 

o 

V 

VO CO to VO •r -t* r>i o 

-i* Cv *0 *0 lO — - lO — - CO »o 

^ (N| ^ ^ CS) c^l <-H (N) <-• *-1 

PO 

PO 

+ 


3 

w 

1-2 

hrs. 

after 

toxin 

O o *o 

»o 

1 


iq p p W p CM p ri p p C'J 
OOt^-^iOCOCv-t't^*0-i* 

o 

7 


O i 

B 1 

a 

tc 

Con- 

trol 

II 

p p p p -J; p ^ 

o o *o r^i c^i o 2 

CM 

+ 


1 fo p fo p p p iq p 'O p CO 

j VO•^POPOPO*^**0•^*"^•C^^PO 

C^l 

+ 



Con- 

trol 

I 

10.4 

10.6 

12.1 

12.1 

11.0 

14.0 

C^ppppp pt'iqc'j 
>C ro PO CM C^i rO CM 





OOOOrt'OOOeqOe.l 

rr-i<oor'ir^T<^C\-i< 

94* 

v6 

o 

OQ ^ O *t* C^l 00 VO lO to NO 
lOCM-yCMt^COCvC'l*-fCMr‘J 

25 



cj C 



1 

V 


1 


a 

3 

tn 

u 

1-2 

lirs. 

after 

toxin 


oovo O^tOOC'l 

VO O PO vOOrr-^Cv 

-26 


-ef< lo VO »0 00 O CO — ^ »o o •t* 
•r*t**t'^CMCM^-i*»?*vopo 

C^J 

1 


•a 

o 

o 

» 

Con- 

trol 

II 


o O 00 00 00 

O PO CM 

^ *-1 •—< *— 1 

1 


CM O O CO 
Tf« to PO PO 

PO 

1 



Con- 

trol 

I 

OOCOCOOOOC^COIC 

POCMPOO»0«OTt«rOPO 

tOOtOVSCOOCMOCO***© 

O T PO O •tf* to to »0 ^ to 

V 

u 

Termi- 

nal 


0'0ioor*-o*^ooc' 

■^por^vocvCNOOt^o 

CN 

O' 

+ 


OCM-^^COrJ^vOPOO'CMCM 

O'-i*t^CMOr^O'CMt^O\C0 

to 

O' 

7 


rt 

*55 

a 

1-2 

hrs. 

after 

toxin 


lo PO rf 00 O PO O 

©•“■CO -^-^PO-^^f-^ 

esj -r-H CM — ' ^ 

CM 

00 

+ 


'OOOt^O't^-^'OOPOtOOt^ 
POto*-^OOrt‘\OPOCM^iOO 
PO ^ ^ ro ^ 

CM 

CO 

+ 


rt 

ka 

a 

3. 

Con- 

trol 

II 


\0 ^ CM 

CM CM vO CM 

7 


to PO -rt< CM ^ 
CM O 00 to 

CM 

+ 


o 









cu 

Con- 

trol 

I 


Or^OOiOOPOPOt^-:f* 

oocMioPor^ovvo-T 
CM ^ 



CM’^O'Or^T^rf^iOCMOPO 
O'^toPOCvt^OvOtOM^O' 
ro •“* 




it 


VOOOCMO^OVt^^O 

uO'rt^PO^vOiOT^t^vo 

VO 

lO 

o 

^ioPOTi<i>*cMO'r^totocM 

Tt<OCMPOPOCM'-<COt^OtO 

O 

o 

*j to 
3,2 

, 

3 e 

® M 




1 

V 


1 

V 

1-2 

hrs. 

after 

toxin 


CMvOvO CM^VOCVVO 

lO Cv O PO PO p VO 

VO 

PO 

1 


^ CO CM tot^ PO O' O Oto 

VO CO i-H Ov to PO i^vo 

* 1-H * * * * kH CM '-H 

PO 

PO 

1 


2-“ 

=52 



o O' CM 

lO O vO ^ 

VO 

+ 


CO O CM CM 

p p 

Tjt 

1 


rt h 
og, 

(J-’-' 


-H ■.s< — < o5 -.ji 


^ PO ^ CM 




Con- 

trol 

I 

vOt^’?f<Cv'Ot^O'00 

^CMfO^vovOppp 

^t-hCOCM*^CM‘^POc4 

OOvOr^’-'VOOvOOtOPO^ 
-rt^pTi^pppppppp 
’CMCM-^CMCM ’cMCMPO'-^ 

Hours 

to 

death 

»HfOPO^CSCOCMOOW 

■4— H — •4— •4— 

Potocktovovovovovor^vo 




lOvOOVOOOOOCMt^O 



ir}'0»OOOOcsoOTa<0'0 




Wt 


t^CvCMCvOOOOOvOO^ 



CO^^OOOOOOPOOOO-^ 

rH tH ▼H 



Dose 

kJ ^ 

kJ -S. 

.iOOOt*<OO00OO 

‘!>OOOCM««^<rJ<CMCMCM 

P'^OOIOIOPOCMCMCMCMCM 

HH 



■voooioooot^ooo 

SOOOCMCMCMCMVO^VOVO 

.t^POPOCMCMCMCM^^ 

Dog no. 


•«»k 

kSi 

•ikO'PO'^^-O'OOOvOr^ 

PCMPOPOCMCMCMCMCMCM 

O 

Ave. 

per cent 
change 
P 

'^OPO'^^OOO'OCM'^O'O 
PCMCMCMCMCMCMPOCMCM CM' CM 

G 

Ave. 

per cent 
change 
P 



TAnLE I — Continued 


PHYSIOLOGIC ACTION OF' CL WelcJlH TOXINS IN DOGS 


397 



•• 'IVrniin.il denotes the l.iat v.nliic obtained prior to death. Other details given in footnote, Figure 1. 
t KiUol. 
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J CARDIAC OUTPUT 

[]] peripheral resistance 


Fig. 1. Effect of Cl. ivclchii Toxic Filtrate, Administered bv Slow Intravenous Drip 
The cardiac output is expressed in liters per minute. The relative peripheral vascular resistance is expressed in 
arbitrary units as the quotient: blood pressure in mm. mcrctiry/cardiac output in liters per minute. The hemoglo- 
bin is expressed as grams per cent. 


was measured in 4 such dogs, and (exclusive of 
hemoglobin) showed no significant change. 
Plasma volume dye studies were unsatisfactory 
due to the large amount of hemolysis. No signifi- 
cant change in temperature was observed. 

In 4 dogs, electrocardiograms were taken at 
intervals, after administration of toxic filtrate, up 
to death 4 to 6 hours later, and failed to show evi- 
dence of myocardial damage. X-rays of the heart 
taken in one animal showed no change in size or 
configuration as a result of the toxic filtrate. The 
venous pressure, obtained from the region of the 
right auricle, was never increased. 

Blood clotted poorly following venepuncture in 
the terminal stages after administration of toxic 
filtrate. The prothrombin time was tested in 4 
dogs given Cl. welchii toxic filtrate, with the fol- 
lowing results (cf. Table II). ^ 

Intramuscular route: Twenty-six dogs were m- 
iected intramuscularly into one or both triceps 
surae muscles with Cl. welchii toxic filtrate and 
leg volumes were made on 21 of these animals, ac- 
cording to a technique previously described (4). 
The most striking effect of the toxins was the de- 
velopment of massive edema, which spread out 


visibly from the injection site within an hour of 
the injection and reached a maximum 8 to 16 hours 
later. By measurement of the increase in volume 
of the thighs, an estimate of tlie minimal fluid loss 
into the limbs was made during a period of 5 to 8 
hours after injection. The edema accumulating 
during this period amounted roughly to 1 to 3 
per cent of the body weight, which therefore cor- 
responds to a considerable fraction of the plasma 
volume. Hemoconcentration was a constant find- 
ing, as evidenced by an increase in hematocrit and 


TABLE II 


Doe no. 

1 

Type toxin 

i 

Result 

Prothrombin time 
in seconds 

Before 

toxin 

After 

toxin 

234 

alpha 

survived 
(sublethal dose) 

13 

15 

235 

alpha 

died 

13 

1 

76 

238 

glycerol 
dial. Logan 

survived 
(sublethal dose) 

26 

81 

239 

glycerol 
dial. Logan 

died 

15 

74 
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a decrease in plasma volume. A consistent fall in 
cardiac output was present by the sixth hour after 
injection. The interrelationships of these data 
are summarized in Tables I and III. It should be 

TABLE III 


Edema-producing effect of Cl. welchii toxic filtrate foUmdng 
intramuscular injection 


Dog 

no. 

Dose 

Elapsed c 
hours to * 
final 

measure- 

ment 

> per cent 
albumin 
(B. 

injected) 

Thigh 

edema: 

B.W. 

Total 

vascular 

fluid 

lossrt 

B.W. 

Fate of 
animal 

240 

MLD 

per 

kgm. 

706 

3 

per cent 

Per cent 

0.64 

per cent 

1.27 

Died* 

243 

300 

5 


1.78 

2.90 

Killed 

244 

300 

81 


2.02 

3.02 

Killed 

241 

225 

5 


0.80 

1 1.27 

Died* 

272 

220 

6i 

1.34 

1.19 

2.33 

1 Killed 

273 

220 

5 

3.34 

2.10 

2.94 

1 Killed 

274 

1 220 

7i 

6.90 

2.50 

4.62 

Killed 

286 

220 

61 

5.55 

1.53 

3.13 

Killed 

289 

220 

6 

9.90 

2.85 

4.34 

Killed 

290 

220 

6i 

4.45 

2.80 

3.94 

Killed 

291 

220 

5 

4.34 

1.02 

2.87 

Killed 

298 

220 

5| 1 


1.69 

3.01 

Killed 

299 

220 

6 


1.09 

2.05 

Killed 

300 

220 

SI 


1.13 

1.67 

Killed 

278 

187 

6| 

5.93 

2.15 

3.15 

Killed 

372t 

174 

6 


.14 

0.50 

Survived 

242 

167 

51 


1.17 

2.22 

Killed 

271 

110 

61 


1.60 

2.49 

Killed 

249 

60 

61 


1.94 

2.83 

Killed 

270 

60 

Si 


.74 

1.13 

Killed 

246 

48 

8 


.89 

2.72 

Killed 

252 

12 

51 


.97 

1.78 

Killed 

263 

4 

3 


0 


Died* 


* The lack of correlation between the amount of edema 
and death of the animal is evident here. It is possible that 
the toxins reached the general circulation in these instances. 
Among our control animals an occasional death was at- 
tributed to a combination of anesthesia and operative 
manipulations. 

** B. W. signifies body weight. 

t Due to blood loss from sampling, plus estimated vascu- 
lar fluid loss as a result of edema. 

f Immunized animal (22). 

pointed out with respect to the intramuscularly in- 
jected dogs represented in these tables, that they 
seldom went into shock in the limited observation 
period of 6 to 8 hours during which they were 
under anesthesia and cannulation. The blood 
jircssure (c/. Table I) showed no significant 
change in this group of animals. Two control 
dogs, injected with 300 MLD per kgm. of toxin 
mixed with 300 units of antitoxin.' showed none 
of the.se effects. Only 5 dogs in the series showed 
any hemolysis, and, in all but 1 case, the hemolysis 


was under 0.2 gram per cent. Figure 2 illustrates 
the typical result of this kind of experiment. 

To determine whether the toxic filtrate, rvhen 
injected intramuscularly, produced general cir- 
culatory damage as tvell as local plasma loss, the 
following experiments w'ere done: 

1. Five dogs injected intramuscularly were 
treated by administration of 5 per cent bovine 
albumin ' in amounts sufficient to maintain normal 
plasma volume and hematocrit values. Eight con- 
trol (uninjected) dogs were maintained under sim- 
ilar experimental conditions. Six of these controls 
were also given albumin to prevent the hemocon- 
centration which usually' occurs in dogs anesthe- 
tized with sodium pentobarbital under these con- 
ditions. The remaining 2 were untreated. 

2. Two intramuscularly injected dogs were al- 
lowed to go 5 to 6 hours without treatment; at 
the end of this period sufficient albumin was given 
to replace lost plasma and blood. Before the al- 
bumin was given, tourniquets were placed around 
both thighs to prevent further local plasma loss, 

3. In 2 dogs, casts (Castex) were placed around 
both legs extending from the foot pads to the 
groin. The toxic filtrate was injected through 
the casts into the triceps surae muscles. Since 
extensive swelling occurred above the casts (in 
the regions of the abdominal and gluteal muscles 
w'here the amount of swelling could not be quanti- 
tated), one was given constant albumin injection, 
as in (1) and the other was given a terminal al- 
bumin injection, as in (2). 

The results of these experiments indicated that 
the decrease in cardiac output which occurred fol- 
lowing administration of Cl. -vclchii toxic filtrate 
intramuscularly could largely be explained by the 
local loss of plasma into the muscle and subcu- 
taneous tissue in the vicinity of the injection site. 
Replacement of this plasma loss restored the nor- 
mal cardiac output temporarily, but did not pre- 
vent further plasma loss into the damaged area. 
In fact, the fluid loss appeared to be somewhat in- 
creased by administration of plasma albumin, al- 
though the cardiorascular state was Isetter main- 
tained (cf. Table III). Edema formatio;i wa* not 
prevented by the applicatii'in of casts, a^^ it taxten'lcd 

•The a'Jti'.ors wish to exjrr't t; eir ir'!-’:'.— I.-.--", to 
Professor Edwin J. Co'.n fer fmerc-r-. j '• 
fled bovir.r slb-entin. 


* Lcdcric 5 poUa-alcnt ras ^r.prcne antitoxin. 
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• .MEASURED FLUID LOSS INTO LIMBS, 

EXPRESSED AS PER CENT OF BODY WEIGHT 

.—.—.BLOOD LOSS FROM SAMPLING ' 

Fig. 2. Effect of Cl . wclchti Toxic 

The blood loss is expressed as per cent of body weight. 

beyond their confines, occurring in the gluteal, 
perineal, and retroperitoneal regions if casts were 
placed about both lower extremities, and toxin was 
injected through the casts into the underlying 
musculature. In this case, in a small area immedi- 
ately adjacent to the injection site, there were 
muscle necrosis and hemorrhage, but the casted 
portion of the extremity was edema free. 

Three dogs injected subcutaneously with Cl. 
welchii toxic filtrate presented a picture of local 
edema without detectable generalized effects, simi- 
lar to the situation seen with the intramuscular 
injection. 

Cl. welchii hyaluronidase, intramuscular route 

Five-tenths ml. of hyaluronidase was injected 
into each triceps surae muscle group of an anes- 
thetized dog. During the following 6 hours there 
was no evidence of generalized effects of the toxin 
on the cardiac output, peripheral resistance, pulse, 
respiration, or temperature. There was an area 
of edema and extravasation of blood 6 cm. in di- 


Q CARDIAC OUTPUT 

||] PERIPHERAL RESISTANCE 

Filtrate GnT.x Intramuscularly 
Other data arc expressed as noted in Figure 1. 

ameter in the region of the injection sites, but no 
generalized edema of the extremities. Postmortem 
examination was otherwise completely negative. 

Pathologic findings ® 

Cl. welchii toxic filtrate given intravenously in 
lethal dosage to non-immunized dogs; lungs and 
liver showed marked congestion and edema. The 
weights of the lungs were significantly greater 
than those of control dogs (21). The small intes- 
tine, spleen, and kidneys revealed similar findings 
to a lesser degree. Twenty to 50 ml. of hemolyzed 
fluid was found in the pleural and peritoneal cavi- 
ties. Where a similar dosage of toxic filtrate was 
given to dogs previously immunized there was no 
congestion of lungs, liver, or other organs. An 
interesting finding in such animals, however, was 
the presence of considerable numbers of poly- 
morphonuclear leucocytes in the walls of the pul- 
monary and adrenal capillaries. 

8 The authors are indebted to Dr. Benjamin Castleman 
for reviewing and interpreting the pathologic findings. 




PHYSIOLOGIC ACTION OF Cl. Welcim TOXINS IN DOGS 


401 


Cl. welchii toxic filtrate given intramuscularly 
in lethal dosage to non-immunized dogs ; there oc- 
curred necrosis and liquefaction of the injected 
muscle in the vicinity of the injection site, with ex- 
tensive edema of the surrounding muscle and fas- 
cia, and a lesser degree of edema of neighboring 
muscles. The duodenum showed a marked capil- 
lary engorgement. TheTungs, liver, adrenal, and 
spleen were negative. Marked cloudy swelling of 
the kidney was seen in one animal in this group 
(No. 240). An excellent, detailed description of 
the effects of the filtrate on muscle has been given 
by Robb-Smith (23). 

Pathologic findings associated with intravenous 
injection of Cl. welchii toxins have been reported 
previously (24 to 27). There appears to be some 
variation among the animal species (dogs, mice, 
rabbits, guinea pigs) used by the various investi- 
gators, in the sensitivity of the erythrocytes to 
hemolysis and in the localization of the sites of 
major hemorrhagic manifestations. 

DISCUSSION 

An attempt has been made to vary the dose, the 
rate, and the route of administration of Cl. welchii 
toxic filtrate in order to gain a better understand- 
ing of its action on the animal. It is impossible to 
say what quantity of toxic filtrate might be elab- 
orated in gas gangrene or clostridial myositis. 
It is therefore difficult to transfer information 
provided by the present e.xperiments to the human 
problem. It is probable, however, that the closest 
simulation of clinical conditions is achieved where 
a relatively small dose of toxic filtrate is adminis- 
tered intramuscularly. Such injections have been 
demonstrated to evoke vascular fluid loss of con- 
siderable proportions. The additive effect of this 
fluid loss may be sufficient to convert into shock a 
traumatic condition which would not ordinarily 
produce this syndrome. Furthermore, the local 
damage to capillaries resulting from the toxins is 
long-lasting. If primaiy’ shock is averted by ade- 
quate therapy, clostridial toxins may introduce 
the possibilit}' of delayed or secondary shock as a 
result of continuing fluid loss from damaged capil- 
laries. 

The action of the toxic filtrate, administered 
cither intravenously or intramuscularly, is consist- 
ent with the damaging effect its lccilluna.se com- 


ponent might theoretically be expected to have on 
cell surfaces. In the case of the erj'throcyte, the 
result is rupture of the cell wall ; in the case of the 
vascular endothelium, the result is leakage of 
whole blood or plasma through a damaged mem- 
brane. 

It is worth calling attention to the point that 
either purified Cl. welchii alpha toxin or purified 
Cl. welchii hyaluronidase in the absence of the 
other produced little edema during a 6-hour inter- 
val when injected intramuscularly. The edema- 
forming power of a filtrate containing these 2 
toxins (plus a small amount of theta toxin and 
possibly other unknowm toxins) was, however, 
very great during this time interval. This obser- 
vation is of interest in connection with the finding 
of McClean (28) that Cl. welchii is able to use 
hyaluronic acid as a metabolite. 

A number of other effects of Cl. welchii toxins 
(Type A) have been described and are discussed 
in recent reviews on the subject (29, 12). The 
observation (25) that toxic filtrates of all 4 types 
of Cl. welchii liberate adenyl compounds is espe- 
cially interesting and may be related to the rupture 
of cell membranes as a result of the action of the 
alpha toxin. The recent findings of Cooke ct al. 
(9) that fat embolism may occur as a result of Cl. 
welchii myositis suggest that the breakdown prod- 
ucts of damaged cells may contribute to the gener- 
alized effect of the toxins, even though the toxins 
themselves may not enter into the general circula- 
tion to an appreciable degree. 

MacLennan and Macfarlane (30, 31 ) have been 
led to consider the possibility “that the profound 
toxaemia of gas-gangrene is not due solely or 
primarily to alpha toxin.” They point to the in- 
effectiveness of antitoxin in preventing a lethal 
outcome once the infection is well established and 
raise the question as to “whether death is due to 
the products of tissue breakdown rather than the 
direct action of bacterial toxin.” While the pres- 
ent experiments do not conflict v.-ith thi.s inter- 
pretation, they offer an additional c.xplanation for 
the lack of effectiveness of antitoxin in well c,-- 
tablishcd cases of gas-gangrene, ba'^cfl on th.e fn!- 
lowing 3 points: (J) Tire large antonnt o; fi'.n'l 
lost in clostridial myositis is not rcpa;rc'’ by .ad- 
mini.nration of antitoxin. Tr.c continuation of 
fluid loss from damaged hVyA vcsjc’.s is kk—.vne 
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not prevented, since the antitoxin is unable to 
reverse damage which has already occurred. (2) 
It has been recently found in this laboratory (32) 
that once the Cl. wclclii: lecithinase is in contact 
with its substrate, lecithin, it hccomcs difficult for 
antitoxin, when added to the reaction mixture, to 
prevent the enzymatic process from continuing. 
It appears that the lecithin and antitoxin compete 
with each other for the lecithinase. This finding 
offers a partial explanation for the lack of effective- 
ness of antitoxin when the disease is well es- 
tablished (i.c. when a large amount of lecithinase 
is in contact with its substrate), (a) It has been 
found possible to protect mice and dogs from a 
lethal intravenous dose of Cl. ‘laclchti filtrate by 
means of lecithin or total lipids if these arc given 
either in advance of or shortly after the filtrate 
(33). It is probable that the lecithin protects the 
animal (b)’’ a substrate partition effect) only from 
the lecithinase component of the filtrate. One may 
conclude that the lecithinase is in this instance the 
principal toxic component of the filtrate. 

On the other hand, purified alpha toxin pro- 
duced little edema on intramuscular injection into 
our dogs. This evidence suggests that collagenase 
(31), unknown toxins, or a synergistic effect of 
the combination of toxins plays important roles in 
the production of edema when a toxic filtrate is 
given intramuscularly. 

An interesting teleological point is raised by 
the experiments of DeKruif and Bollman (34), 
who found that the capacity of Cl. zvelchii to in- 
vade the animal body was largely dependent on its 
power to produce toxin. Washed Cl. zvclchii 
bacilli or spores were infective only in very large 
numbers; if non-lethal quantities of toxin were 
added to organisms, only 1/10,000 of the quan- 
tity of washed spores or bacilli was necessary to 
kill the animal. The alpha toxin or lecithinase ap- 
pears to serve the Cl. zvelchii organism by de- 
stroying the surface of animal cells, making the in- 
terior available for the nutrition of the Cl. zvelchii 

organism. . , i 

The possibility that effects ascribed to the toxins 

mieht be due to substances used in the bacterial 
culture media has been ruled out by the preven- 
tion of these toxic effects both by active imrnunira- 
tion of animals and by administration of antitoxin 
in advance of the toxin (22). 


SUM MARY 

A number of characteristics of the .syndrome of 
traumatic shock may be produced by Cl. zvclchii 
(Type A) toxic filtrate given by cither intra- 
muscular or intravenous route. Intravenous in- 
jection results in intravascular hemolysis, decline 
in cardiac output and blood pressure, increase in 
prothrombin time, edema and hemorrhage into 
the lungs and small intestine, and congestion of the 
liver, spleen, and kidneys. 

Intramuscular or subcutaneous injection is fol- 
lowed by massive edema spreading from the in- 
jection site and by severe hcmoconcentration. 
The effects of the toxic filtrate given by this route 
arc chiefly local, and the lack of hemolysis is evi- 
dence of the inability of the alpha toxin to reach 
the general circulation in appreciable concentration. 

Purified Cl. zvclchii alpha toxin injected intra- 
muscularly produced little edema. Purified Cl. 
zvclchii hyaluronidase similarly had little effect on 
intramuscular injection. The edema-forming 
property of the unpurified Cl. zvclchii toxic filtrate 
thus appears to be due to the presence of other 
toxins or to a synergistic effect of a combination 
of toxins. 

Cl. zvclchii toxins may play an important role in 
certain cases of traumatic shock by aggravating 
fluid loss into the injured region. 

The authors gratefully acknowledge the cooperation of 
Doctors Austin M. Brues and Alfred Pope in the early 
portion of this work. They are indebted to Mrs. Jean 
Rubin, Mrs. Barbara Barus, and Atiss Lj'dia Brewster 
for valuable technical assistance. 
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Fig. 1. Effects of Cl. oedematiens Toxin Administered Intravenously 
The cardiac output is expressed in liters per minute. The relative peripheral vascular resistance is expressed in 
arbitrary units as the quotient: blood pressure in mm. mercury/cardiac output in liters per minute. The hemo- 
globin is expressed as grams per cent. The blood volume is given in cubic centimeters, and the blood loss as per 
cent of body weight. 


merit ol a massive edema, which spread from the 
injection site. 

Pathology: ’ The gross autopsy findings associ- 
ated with intravenous administration of Cl. oede- 
maiiens toxin in lethal dosage to non-immunized 
dogs consisted of the following : edema and hemor- 
rhage into the lungs; congestion of the liver; 
hemorrhage into the adrenals ; congestion and 
submucosal hemorrhage into the small intestine, 
particularly into the duodenum; small, subendo- 
thelial hemorrhages into the cardiac musculature, 
especially near the attachments of the chordae 
tendineae. The spleen was uniformly small and 
contracted. The weights of organs in animals 
receiving Cl. oedematiens and Cl. n'clehii toxins 
have been recorded in Table II. The liver, lungs, 
and small intestine showed significant increases 
m weight, and the spleen a significant decrease. 


•According to Doctor .A,. C. Ivv- (13), the capillaric; 
of the duodenum of the dog have l^ccn known to be cs 
pccially sensitive to various toxic substances ingeste< 
or produced in the body. The peculiar blood suppl; 
of the villi in the duodenal mucosa in the dog (16) ap 
pears to offer the best explanation of this ph.enontenor 


when a lethal dose of Cl. oedematiens toxin was 
given intravenously. If the average change in 
organ weight is used it appears that there is an 
increase in weight of the above organs, including 
the spleen, totalling 2.1 per cent of the body 
weight. This weight increase, if due to trapping 
and extravasation of blood into these organs, could 
represent 20 per cent of the total blood volume. 

The microscopic sections revealed a marked en- 
gorgement throughout the lungs and viscera, par- 
ticularly in the former.® Capillaries and venules 
in the submucosal region of the duodenum were 
extraordinarily dilated and engorged with blood. 
The mucosa and submucosa of the stomach were 
spared, and a clear-cut line of demarkation ap- 
peared at the pylorus between the relatively nor- 
mal pallor of the stomach and the red blush of the 
duodenal mucosa. 

Immunized animals (17) injected intravenously 
with a lethal dose of Cl. oedematiens toxin re- 
vealed little if any engorgement of bk.c^'i ves-c’^ 

‘ The a'jthors arc in-Icfitct! *.'■ Dr 
for reviewing and ir.;erprct:.-g !i;e 
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I.M. = Intrainiisculnrly. 
l.V. >= Intravenously. 

• = DifTcrcncc from control value siKnificant (p < .01) (20). 
t = Difference from control v.iluc probably sipnificant (p < .05). 
i = Details of these experiments arc Riven elsewhere (M). 
a = the standard deviation, 
n = the number of animals. 


in the lungs or viscera. Polymorpltomtclcar leuco- 
cytes were fountl in considerable numbers in the 
walls of the pulmonary and adrenal capillaries, 
presenting a picture similar to that seen in im- 
munized animals injected intravenously with Cl. 
xcclchii toxin (15). 

Cl. oedematiens lo.viii {iitraimiscularly (8 dogs) 

Following intramuscular injection of toxin into 
the thigh muscles in dosages ranging from 150 to 
12,000 MLD per kgm., there was a latent period 
of approximately 6 hours, during which little of 
significance was observed. From this time on 
there developed an increasing local edema which 
spread both up and down the thigh, eventually pre- 
senting itself in the retroperitoneal, gluteal, peri- 
neal, and neighboring regions. This edema be- 
came maximal at 18 to 24 hours, associated with 
a severe hemoconcentration, the hematocrit reach- 
ing values up to 75. The animals became pro- 
gressively sluggish, developed bloody diarrhea, 
and died 18 to 38 hours after injection. In 1 dog, 
injected with a 12,000 MLD per kgm. dose of 
toxin, death occurred in 10 hours, and the amount 
of edema was not striking, amounting to 1 per 
cent of the body weight. This latter finding sug- 
gests that death of the animal cannot be accounted 
for on the basis of local fluid loss alone, but that 
a generalized toxemia is probably present when 
the intramuscular dose of toxin is enormous. 

In 2 dogs injected with a 150 MLD per kgm. 
dose of toxin, leg measurements were made, with 
the following results : 




Terminal 

1 Hematocrit 

Doe no. 

Survival 

edema (per 



time 

cent body 





wcislit) 

Control 

Final 

388 

17 hrs. 

5 

50 

73 

324 

32 hrs. 

7 

— 

62 


The amount of edema was increased if the same 
quantity of toxin was injected fractionally into 
several sites. 

In order to determine the minimum dosage of 
toxin whicli would produce edema by the intra- 
muscular route, all 4 legs were injected in a single 
dog Aveighing 13 kgm. The volume of fluid in- 
jected into a single limb was kept constant at 5 ml. 
The dosage of toxin injected ranged, however, 
from 80 MLD to 10 MLD per kgm. Eighteen 
hours later, there was massh'e edema (360 ml.) 
of the limb where the 80 MLD per kilogram dose 
had been given ; moderate edema (210 ml.) in the 
limb gh^en 40 MLD per kgm . ; minimal edema 
(70 ml.) in the limb with 20 MLD per kgm. ; and 
no visibly recognizable edema (40 ml. by measure- 
ment) in the limb given 10 MLD per kgm. 

Pathology associated xvith httramuscular injection 

of toxin 

Local effects: At the site of injection, there was 
an area approximately a centimeter in diameter 
where the muscle substance had been almost com- 
pletely disintegrated. The surrounding muscle 
tissue was edematous, with separation of the mus- 
cle fibers by edema. Small, flame-shaped hemor- 
rhages in countless number were present along 
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the course of the dilated and engorged smaller 
branches of the blood vessels supplying muscle tis- 
sue near the injection site.' Edema was greatest 
in the fascial spaces and subcutaneous tissue. 

Distant effects: There was 20 to 30 ml. of straw- 
colored fluid in the pleural and peritoneal cavities. 
The lungs and visceral organs showed much the 
same picture although less pronounced than that 
produced by the intravenous route of injection. 

Effect on eyes 

One MLD of toxin was injected into the corneae 
of each of 4 rabbits’ eyes.® Eighteen hours after 
injection, there was marked chemosis of the con- 
junctival blood vessels. By means of slit lamp 
illumination and the high-power dissecting micro- 
scope, tiny flame-shaped hemorrhages were seen 
extending out from a number of the vessels. 
There were dilatation and engorgement of all 
vessels. 

DISCUSSION 

Experiments on the effect of Cl. ivelchii toxic 
filtrates (14) have demonstrated that the dosage, 
rate, and route of administration of the toxins de- 
termine the type of effects on dogs. The same 
considerations apply to the present studies on Cl. 
oedemaiicns toxin. Rapid intravenous adminis- 
tration of a large dose of toxin is a situation far 
different from the slow elaboration of the toxin 
by organisms multiplying in a damaged muscle. 
Intramuscular injection of a small, sub-lethal dose 
of toxin appears to approach the clinical situation 
most closely. Here the effect of the toxin is prin- 
cipally local, resulting in edema and hemoconcen- 
tration. Such a picture of Cl. ocdcmaficns 
myositis, predisposing to wound shock, has been 
observed in forward field hospitals (18). 

The data gathered on the effects of this toxin 
after intravenous injection, are consistent with the 
interpretation that the principal site of its action 
is on the peripheral vascular system. The toxin 
appears to act by causing loss of tone and damage 
to capillaries and other small blood vessels. As a 
result, the smaller vessels of the lungs and wsccra 
become engorged with blood which then c.\tra\’a- 
sates into surrounding tissues. The quantity of 

These cxpcrituenls were carried out in conaboratiou 
witii Dr. David Cogan. 


blood actively circulating is thereby decreased, arid 
a fall in cardiac output occurs. There, is .a com- 
pensatory peripheral vasoconstriction, probably in 
the arterioles, resulting in an increased peripheral 
resistance. The extrarasation of fluid and blood 
into the pulmonary alveoli produces an interfer- 
ence with oxygenation of the blood which eventu- 
ally assumes critical proportions. The blood pres- 
sure remains unchanged until a point is reached 
where trapping of blood out of the active circula- 
tion and interference with oxygenation become too 
great for compensation. The blood pressure then 
falls to shock levels and death follows. 

The possibility that the effects obser\-ed may be 
a non-specific foreign protein reaction is ruled out 
by the protective effect of antitoxin when given 
intravenously simultaneously with the toxin and 
by the complete protection against either intra- 
venously or intramuscularly injected toxin pro- 
vided by active immunization (17). 

When the toxin is injected intravenously, blood 
vessels throughout the animal are exposed to the 
toxin, and the lungs and visceral organs suffer 
particularly. On intramuscular injection, how- 
ever, blood vessels adjacent to the injection site 
are exposed first and come into contact with the 
greatest concentration of to.xin. This correlates 
with the obser\'ation that edema into the injected 
area becomes the outstanding feature. 

The clinical picture which this toxin produces 
when injected intravenously is that of shock — 
apparently as a consequence of 2 factors: (/) 
trapping of whole blood in the viscera, rendering 
it unavailable to the circulation as a whole; and 
(2) extravasation of plasma and whole blood into 
vital organs through damaged capillaries. Addi- 
tion of fluid to the circulatory system under these 
conditions does not restore the animal to normal, 
although it has a temporary beneficial effect until 
the additional fluid has likewise been lost from 
the circulation. 

The inability of antitoxin to protect the animal 
when given more than a few minutes after th.c 
toxin suggests that the to.xin prnducc.s son:e ir- 
reversible action on the blood vessel wall. 0:’.c is 
tempted to reason from analog;.' witii tl-.c .arti'-ri 
of Cl. 7c,‘lcl:{{ alpha to.xin ti;a'. Cl. ccdetr.-.C'r.: 
toxin (which appears to t>e proteiti in ra'.ure > tray 
be an enzyme which act- on cel! surfac'--, destroy- 
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ing some architectural unit of the surface struc- 
ture. Once the damage is done, antitoxin may 
neutralize the cfTects of the toxin still circulating, 
but the initial damage is irreparable. 

The possibility that myocardial failure might 
contribute to the circulator)' failure has not been 
completely eliminated in these experiments. How- 
ever, it has been shown by means of heart-lung 
preparations (19) that the cardiac ability and re- 
serve are adequate up to the very end. 


SUMMARY 

CL ocdcmaflcns toxin administered intra- 
venously produced the following picture: a latent 
period of one or more hours without noticeable 
change, followed by a progressive rise in periph- 
eral vascular resistance, a fall in cardiac output, 
and eventually a decline in blood pressure to shock 
levels and death. Edema and hemorrhage in the 
lungs and visceral organs were constant findings. 
CL ocdcniaticiis toxin produced massive local 
edema, hemoconcentration, and eventual death, 
when administered intramuscularly in small 
dosage. 

Intravenous fluids were of no permanent benefit 
in this syndrome. Under the conditions used, 
antitoxin did not prevent the lethal outcome if 
given more than 5 minutes after injection of the 
toxin. 

The authors gratefully acknowledge the cooperation of 
Doctors Austin M. Brues and Alfred Pope in the early 
portion of this work. They are indebted to Mrs. Jean 
Rubin, Mrs. Barbara Barus, and to Miss Lydia Brewster 
for valuable technical assistance. 
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Previous experiments (1) have indicated that 
Cl. oedeviatieus toxin produces tj'pes of djmamic 
effects similar to those seen in traumatic shock. 
Blood volume was not diminished to the same ex- 
tent as in hemorrhagic shock, but the peripheral 
vascular resistance rose and the cardiac output was 
reduced in the characteristic manner. It was not 
obvious, in the intact dog, whether these difficulties 
arose in the peripheral circulation or in the heart. 
Wiggers (2) has discussed a similar type of prob- 
lem with reference to shock. Thus, in order to 
evaluate more specifically the factors involved in 
the circulatory failure resulting from Cl. oedc- 
vialietts toxin, the heart-lung preparation has been 
utilized. 

METHODS 

The experiments were carried out on the isolated heart 
and lungs of the dog in the form of the heart-lung prepara- 
tion as described by Patterson and Starling (3). Mongrel 
dogs were used in all experiments and weighed between 
7.8 and 11.3 kgm. They were anesthetized for the surgical 
procedure with sodium pentobarbital in a dose of 35 mgm. 
per kgm. body weight. The period of preparation was 
timed so as to be about of equal duration in all experi- 
ments and was approximately 1 hour from the time of 
the first skin incision to the start of recording. The blood 
temperature varied in the various experiments not more 
than between 37 and 39° C. and in the same experiment 
not more than ± 1° C. The method of recording right 
auricular pressure, pulmonarj’ pressure, and output is 
described in detail by Kraycr and -Mendez (4), In the 


^ ^ This is publication No. 632 of the Cancer Commis- 
sion of Hars'ard Lniversitj', and No. X in the series en- 
titled ‘The Toxic Factors in Experimental Traumatic 
Shock." 


- The work described in this paper was done under a 
contract, recommended by the Committee on Medical Re- 
«arch, between the Office of Scientific Research and 
Development and the Massach.usetts General Hospital, 
’Grateful acknowledgment is due the Josiah Macs-, Jr. 
Foundation for a grant for tlie histopathological studies. 


various experiments arterial resistance was between 75 and 
85 mm. Hg, assuring a mean aortic pressure of about 
100 mm. Hg when the systemic output under basal con- 
ditions of blood supply was kept bettveen 400 and 500 ml. 
(systemic output is output of left ventricle minus coronan' 
flow) . The competence of the heart was tested by increas- 
ing venous blood supply. This was achieved by raising 
the level of the blood in the venous reservoir in two steps 
of 50 mm. each as described in detail by Krayer (5). In 
the normal heart, at the beginning of the experiment, 
this led to an increase of systemic output of 40 to 50 per 
cent of the basal value at the first step, and of 80 to 95 
per cent of the basal value at the second step. While the 
main increase in the work of the heart thus represented an 
increase in volume work, a certain amount of increase in 
pressure work was also involved in this competence test, 
as the arterial resistance was not changed throughout the 
experiment; and the mean blood pressure, therefore, in- 
creased somewhat with an increase in systemic output; 
likewise pulmonary arterial pressure increased. The in- 
crease of pulmonary pressure in e.xperiments of this type 
becomes more and more pronounced as anatomical changes 
begin to appear and eventually lead to lung edema. In 
the present series of e.xperiments, competence tests were 
made at intervals of approximately 30 minutes until the 
limit of competence was reached. By definition we con- 
sider this to be the case when an increase in venous sup- 
ply by raising the level of blood in the venous reservoir by 
SO mm. no longer leads to an increase in svstemic output 

(5). 

Defibrinated blood, taken from a bleeder dog, was 
used to fill the heart-lung system. The total blood vol- 
ume usually amounted to 800 to 900 ml. at the beginning 
of the experiments. 

Hematocrit determinations were done by taking 10 ml. 
of defibrinated blood from the heart-lung system and sub- 
jecting the blood to centrifugation at 2,400 revohiti'ms 
per minute for 15 minutes. 

Artificial respiration was carried out with the Starling 
respiratory pump, using room air; the stroke volume was 
kept between 125 and ISO ml., and the rate of ventilation 
was between 14 and IS per minute. 

Twenty-one cxfieriments were conducted, in 16 oi 
which Cl. ccdetr.s'.ier.s toxin was administered. Tins v.as 
given into the blood stream le-iore it enterr ! the vrr. .us 
reservoir, to ensure good mi.xing v. ith tie ll -.d it 
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rcnclicd tlic licnrl. Titc <!osc was 10 or 20 hiriu. of Cl. 
oriicmtUirns loxiii preparation (45N), 2,500 mouse sub- 
cutaneous MLD jier uiriu., or 100 lupiii. Cl. ordniiatlni.i 
toNin (i\M!.»), 500 mouse subcutaneous MLD per in.iTtu.^ 
Tlic material was dissolved prior to the administration in 
10 ml, of 0.9 per cent sodium cbloride solution and/or in 
pbnspbntc buflcr of pi I /,•}, The administration of the 
toxin was made at the basal inOow level and within a 
jteritx! of al>out 1 miniilc. Histamine content of the 2 
toxin sanii>lcs was checked with llie use of isolated strips 
of guinea {tig's ileum. The highest concentration testdl 
was 1 : 15,000. Tlie rise in tom; of the gut was not 
characteristic and was very much less than that due to 
histamine diliydrochlori<ic 1 : 60 million. 

The antitoxin was a [)ol,vva}enl preparation (hederlc). 
It was given in a dose of / ml. in 8 c.\{)criments and was 
administered within aittiroximatcly 30 seconds. 

Dogs in 3 c.xiicritucnts were actively immuniae<l against 
Cl. oaiciitaliciis to.xiti according to technics described in 
detail elsewhere (6). In one of the c.xpcriments (E.x|)eri- 
ment No. 7) the bleeder dog as well as the dog used for the 
heart-lung preparation was actively immunized, and no 
antito.xin administered during the course of the experiment. 
The immunization was carried out as follows ; the bleeder 
dog was immunized with four 1-ml, subcutaneous injections 
of Cl. ocdcvinliciis toxoid (Lcdcrlc No. 100 X IS.A), injec- 
tions being given at 3-weck intervals. The hcart-hmg prep- 
aration dog (H.L.P.) was immunized similarly, with the 
exception that injections were given at weekly intervals. 
In Experiment No. 16 the H.L.P. dog was immunized. 
The bulk of the immunized blood was removed, 500 ml. of 
blood from a normal dog was tlicn given into the H.L.P. 
and again removed to the greatest extent (“washout"), 
and fresh blood from a normal dog was then added to 
carry out the experiment. In Experiment 17, the H.L.P. 
dog was a normal animal. Tlie normal blood was re- 
moved and the “immunized" blood from the H.L.P. dog 
of Experiment 16, together with the "wasliout," was used 
to carry out the experiment. Tiic H.L.P. dog of Experi- 
ment 16 was immunized with Cl. ocdciiiaticiis to.xoid 
(Novyi, No. 101 X 18A, Lederle Laboratories). The 
dog was given 9 subcutaneous injections of 1 ml. of this 
toxoid at weekly intervals. In addition it received a dose 
of 1250 MLD Cl. oedematiens toxin per kgm. intra- 
muscularly, as a booster dose, a week before it was used 

for the heart-lung preparation. 

Five experiments within this series were carried out as 
controls, using the identical procedure of preparation and 
testing of competence, but without administering either 

antitoxin or toxin. . r u 

At the end of several experiments, specimens of heart 

and of lung tissue were taken for patliological studies. 
They were fixed in Zenker’s fluid and were stained with 
phloxine-methylene blue. 

"T^hT^hors are indebted to Professor Milan A. Logan, 
University of Cincinnati, for generous supplies of Cl. 


rksults 

1. The adion of io.viu 

(All the rcstills arc given in Figure 1.) When 
to.vin was added to the blood of the heart-lung 
preparation, no noticeable cliangc in right auricu- 
lar, pulmonary })ressure. or competence occurred 
for a period of 30 to 50 mimitc.s. After this, within 
a period of a quarter of an hour, pulmonary pres- 
sure increased atid simultaneously the lungs be- 
came more rigid, indicating tiic onset of lung 
edema. In 3 experiments (Experiments 1, 2, and 
3) with a dose of 10, 20, and 20 mgm. of 45N 
toxin respectively, severe hmg edema terminated 
the experiment within 65 to 75 minutes after the 
addition of the toxin. In Experiments 18 and 19, 
after the addition of 100 mgm. of Cl. oedematiens 
toxin N313, severe lung edema terminated the ex- 
periment after 51 and 52 minutes respectively. 
No test of competence was performed in E.Kpcri- 
ment 19 after the administration of the toxin. As 
can be seen from Figure I, heart-lung preparations 
made in the same way but not under the influence 
of toxin have a long survival time. Five control 
experiments (Nos. 13, 14, 15, 20, and 21) are 
plotted in the graph, so that the time 30 minutes 
after starting the recording arbitrarily was called 
zero time (since the time between the start of re- 
cording and addition of toxin in all the toxin ex- 
periments in Figure 1 averaged approximately 30 
minutes). In 4 control experiments (13, 14, 15, 
and 20) it took between 140 and 165 minutes to 
reach the limit of competence; in Experiment 21, 
it took 210 minutes. The limit of competence was 
used as an end point, since, as a rule, lung edema 
does not terminate a heart-lung preparation before 
the end of 3 hours or more. Signs of marked lung 
edema were present only in Experiment 15. 

2. The influence of antito.rin upon the toxin action 

In the 3 experiments with 10 mgm. of toxin 
45N and antitoxin (Experiments 4, 5, and 6 of 
Figure 1), the antitoxin \vas administered at vary- 
ing intervals: 73 and 10 minutes before, and 17 
minutes after the toxin. In all 3 cases the limit of 
competence was reached within 142 to 160 minutes, 
a period of survival ^gnificantl}'- longer than in 
the- experiments wnthou^ntitoxin. Signs of lung 
edema were marked in E^eriinent 4. In Experi- 
ment 12, in which antitoxi\ was given 10 minutes 
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Fig. 1. The Action of Clostridium oedematiens Toxin upon the Heart-lung Preparation of the Dog 
The dotted line from the vertical bar to the open circle indicates the time of preparation from skin inci- 
sion to start of recording. The large full circle at the end of every horizontal line indicates lung edema. 
Limit of competence reached without marked signs of lung edema is indicated by the full circle placed in an 
open circle. The small full circle at the letters AT indicates administration of antitoxin. The figures 10, 
20, and 100 respectively at the vertical zero time line indicate the administration of 10 or 20 mgm. of toxin 
(4SN) or 100 mgm. of toxin (N313). The signals below every horizontal line indicate the beginning of a 
competence test. For further information, see text. 

prior to the dose of 20 mgm. toxin 45N, the limit 
of competence was reached only after 200 minutes. 

On the other hand, in the 4 experiments, 8, 9, 10, 
and 11, in which antitoxin was given IS minutes 
after 20 mgm. of toxin 45N, severe lung edema 
occurred within 76, SO, 104, and 105 minutes 
respectively. 

5. Pathological changes 

The microscopic sections of the lungs, in prepa- 
ration injected with toxin alone, revealed the pres- 
ence of engorged pulmonarv* capillaries, and red 
cells and protein within the pulmonary alveoli. 

Where antitoxin was given prior to the toxin, the 
lungs at termination of the e.xpcrimcnt (except 
in E.xpcrimcnt 4) showed cither an ahscncc of 


these findings or their presence to a minor degree. 
In all cases, the heart on microscopic examination 
showed no characteristic pathological changes. 

4. The influence of active immunization 

An attempt was made to obtain information on 
the effect of active immunization upon the re- 
sponse of the heart-lung preparation to toxin 
(Experiments 7, 16. 17 [Figure 1]). Although 
2 different samples of to.xin were used, the f) 0 - 
tcncy was identical in all 3 experiments (50,000 
MLD mouse units). A definite inhibiting effect 
of immunization to tlie to.xin action was observed 
not only when the blood as well ns tb.c b.e.'rl and 
lungs were taken from imm.im.ized f Erg-eri- 

ment 7) hut also when citb.er tb.e H-L.T. (Er.^'c:;- 
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niciU 16) or the blood (Expcriiiiciit 17) was from 
an actively imimmii'ed dop;. 

TIic alterations of the Iiematocrit in tiic hcart- 
hmg preparation with respect to administration of 
CL oi'dcmaticns toxin arc lahnlated in 7'aI)Ic I. 
I'lic available data snergest that the hematocrit is 
not a good index of the onset of the jndinonary 
changes, probably hccansc whole blood as well as 
plasma is lost into the pulmonary alveoli. 

TAIlLi; 1 


Relationship of hematocrit to administration of 
Cl. occicm.iticns toxin, in the heartdunn 
preparation 


Dok 

no. 

i Do'c of 
toxin in 

1 moiifc 

1 MLD 

Time antitoxin 
Riven 

Hems 

Ofiein.xl j 

Llocrit 

Terminal 

4 

25,000 

72 min. before toxin 

50 i 

41 

5 

25,000 

10 min. before toxin 

50 

58 

6 

25,000 

17 min. after toxin 

61 

68 

7* 

50,000 

none given 

44 

47 

16* 

50,000 

none given 

54 

61 

17** 

50,000 

none given 

64 

70 

S 

50,000 

IS min. after toxin 

65 

69 

9 

50,000 

IS min. after toxin 

59 

59 

18 

50,000 

none given 

46 

74 

•19 

50,000 

1 

none given 

48 

61 


* Immunized dog. 

** Blood from immunized dog used. 


DISCUSSION 

Under the conditions of our ' experiments, the 
action of CL oedematiens toxin is essentially on 
the pulmonary vessels, producing changes which 
lead to loss of blood into the lungs. While it can- 
not be said that the heart muscle is not affected, 
changes in work of the left heart by increasing the 
arterial resistance indicate that the left ventricle 
was relatively little affected. It was still capable 
of additional work at a time when an increase in 
venous blood supply led to a marked rise in pulmo- 
nary pressure so that lung edema was hastened 
and it became difficult or impossible to increase 
venous inflow. 

The effect of the toxin does not occur quickly ; 
rather, a latent period of considerable duration 
elapses before definite changes in right atrial pres- 
sure, in pulmonary pressure, or in competence be- 
come noticeable. This places these toxin effects 
in a group of delayed reactions characteristic of 
various types of other pharmacological agents, for 
instance, the cardiac glycosides and the thyroid 
hormone. One has to assume, in these instances, 


that the substance itself has to enter into or initiate 
a chain of reactions requiring considerable time 
before the characteristic effect eventually occurs. 
Since the toxin appears to be protein in nature, the 
question may be raised as to whether it may not be 
an enzyme. The identification of the CL 'urlcJiii 
alpha toxin as a Iccithinase (7) provides the best 
example of a bacterial toxin which is enzymic in 
nature. 

The experiments appear to indicate that 7 ml. 
of antitoxin was able to afford a considerable de- 
gree of protection against the toxic effect of 25,000 
iMLD of to.xin irrespective of whetiier the anti- 
toxin was administered prior to the toxin or 17 
minutes after the toxin. Protective action was 
also present in the experiments in which injection 
of antitoxin preceded the administration of 50,000 
AILD of toxin. Of the 4 experiments in which 
the antitoxin followed 15 minutes after the dose of 
50,000 MLD of toxin. no protection could be seen 
in 2; severe lung edema developed in approxi- 
mately the same period of time as in the e.xperi- 
ments without antitoxin. In the 2 other experi- 
ments it is possible that some delay in the onset 
of pulmonary changes may have been caused by 
the antitoxin. 

Protection against the action of 50,000 MLD 
of toxin was obsen^ed in the 3 experiments in 
which the heart and lungs or the blood used was 
obtained from immunized animals. While it is 
not possible to say that all immunized blood was 
removed from the H.L.P. of Experiment 16, the 
amount of blood-immune bodies must have been 
greatly reduced by replacing the blood twice with 
blood from a non-iminunized animal. However, 
this experiment is not a definite proof that tissue- 
immune bodies are sufficient to counteract the 
toxin action even if the blood is not immunized. 
On the other hand, immunized blood alone ap- 
pears to give protection (Experiment 17). 

SUMMARY 

1. In the heart-lung preparation of the dog, CL 
oedematiens toxin produces pronounced loss of 
plasma and whole blood in the pulmonar}' circula- 
tion. This phenomenon is observed only after a 
definite latent period. 

2. The effects on the heart are minimal in com- 
parison, for the heart is capable of increased work 
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at the time when the pulmonary circulation is 
greatly impaired. 

3. Antitoxin counteracts the change in perme- 
ability of the pulmonary vessels if it is present in 
the system when toxin is given. It is less effective 
when given early in the latent period. 

4. Active immunization markedly diminishes tlie 
toxic effects on the pulmonary circulation. In the 
immunized dog the antitoxin is definitely present 
in the circulating blood, and the evidence is sug- 
gestive of the supposition that it may be present 
in the heart and lung tissue. 
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The effects of iinnumily .'incl x-ray therapy on 
the extent of permanent damage to the cornea 
resulting from the invasion of the cornea by vac- 
cinia have not previously been subjected to experi- 
mental study. In preliminary experiments (1) ati 
attempt was made to judge the effects of such 
treatment by grading the opacities according to 
an arbitrary scale. It was soon realized that this 
method was inadequate. In order to obtain a more 
accurate evaluation of therapy, it was necessary 
to devise a procedure for estimating objectively 
the degree of corneal opacity. By utilizing a tech- 
nique which measures the per cent transmission 
of light by the cornea in vitro, it was possible to 
estimate tlie degree of impairment to vision result- 
ing from diminished light transmission due to 
opacities. This procedure is described here, and 
in addition data are given on the light transmission 
of normal rabbit corneas, corneas subjected to 
trauma, and corneas inoculated with vaccinia but 
not treated. The effects of therapy will be de- 
scribed elsewhere (1). 

PROCEDURE 

The degree of opacity was estimated by measuring the 
transmission of light through tlie cornea in tlic Evelyn 
photo-electric micro-colorimeter (2). The intensity of 
the incident beam of light was adjusted so that the gal- 
vanometer read 100 per cent transmission when the light 
was passed through 0.9 per cent NaCl solution. Within 
15 minutes after the rabbit was sacrificed the cornea was 
placed in the cell with the convex surface downward. 
The plunger was inserted, and the per cent transmission of 
the light was read. The plunger was adjusted to rest 
lightly on the cornea thus causing it to he flat. Appropn- 
kate filters (red, green and blueU were used so that the 
CisuaL spectrum was covered at the intervals given in 

The filters used were obtained from the manufacturer 
the microcolorimeter and were designated by the wave- 
, in millimicrons of the maximum light transmitted, 
ne limits of transmission are indicated in Table 1. 


Tablc.s I and II. At least two determinations of trans- 
mi.ssion were always mailc on each cornea at each wave- 
length. 

It usually was not necessary to trim the cornea to fit 
the cell, hut on occasion this was necessary. The trimmed 
edge always showed some opacity resulting from the 
trauma, but care was taken to exclude the edge from the 
path of the light beam. After insertion of the plunger 
the cornea was inspected to c.vcltide the presence of air 
hubbies and foreign material. 

In only a few instances did the opacity cover the entire 
field. In most instances the opacity was relatively small 
in comparison with the field, and in these cases the opacity 
was centered in the field. 

Experiments reported here include studies made upon 
normal rabbit corneas (group Q) ; corneas which had been 
anesthetized with a 2 per cent butyn sulfate solution, 
scratched with a needle and treated with 105 r of x-ray 
(group L) ; untraumatized corneas removed from rabbits 
in which the other eye had been inoculated with vaccinia 
(group P) ; and corneas which had been inoculated with 
vaccinia, but in which no form of therapy was given 
(group K). Beginning 25 days after the start of the ex- 
periment one animal from each group was sacrificed on 
successive days and the measurements were made. Pre- 
liminary experiments (1) had shown that this lapse of 
time was sufficient for the development of permanent 
opacities. 

RESULTS 

Table I shows that in the normal corneas there 
was a progressive decrease in the average trans- 
mission of light as the filters were changed to 
allow the transition from long to short wave- 
lengths. This decrease could be due to the absorp- 
tion of light by the cornea, since Wald (3) states 
that there is some absorption b}^ the normal cornea 
in the violet region of the spectrum. It could also 
be due to the scattering of light by the cornea. 
Rayleigh’s law states that the intensity of the scat- 
tered light is inversely proportional to the fourth 
power of the wavelength; therefore, the scattered 
radiation would be greatly increased at the shorter 
wavelengths. The data given in Table 1 have 


416 



417 


, SCATTER AND ABSORPTION OF LIGHT BY THE EXCISED CORNEA 


TABLE I 


The per cent transmission of light (T) by normal rabbit corneas. Group Q, at different wavelengths 


No. 

*F660 mji 
, t(63S-720 m>i) 

F620 mu 
(595-^560) 

F540 ntfi 
(515-570) 

F520 my 
(495-550) 

F490 mu 
(465-530) 

F440 mfi 
(410-i75) 

F420 mil 
(380-460) 


fer cent 

fier cent 

fier cent 

per cent 

per cent 

per cent 

per cent 

1 

99.50 

99.50 

98.00 

97.50 

97.50 

95.00 

93.00 

2 

99.00 

99.00 

97.25 

97.00 

96.00 

93.50 

91.50 

3 

99.00 

98.75 

97.00 

96.00 

96.00 

93.50 

92.00 

4 

97.00 

96.00 

94.25 

93.75 

92.00 

90.00 

88.00 

5 

99.00 


97.50 

96.50 



92.00 

6 

99.25 


97.25 

1 




7 

99.25 


97.25 

97.00 

96.00 


92.00 

8 

99.25 


96.50 

93.00 

92.50 

89.00 

88.00 

9 

98.75 


97.00 i 

96.50 

96.00 

93.50 

92.00 

10 

98.50 


96.50 ! 

96.00 

95.50 j 

93.00 

91.00 

' Mean 

98.9 

98.1 

96.9 

95.4 

95.2 

92.5 

91.0 


* Wavelength of maximum transmission, 
t Wavelength transmission limits. 


been examined from this viewpoint to see if scat- 
tering is a factor. 

If T represents the per cent of light transmitted 
by the cornea, then 100 — T would represent the 
per cent scattered. According to Rayleigh’s law 
then 

(100 - T) = 

The constant k was calculated for 1/X®, 1/X^, and 
l/A®, using the obsen'ed data for the value of 
100 ~T at A = 420 m/t, and the above formula. 
With these values for k, theoretical lines were con- 
structed to show the anticipated relationship be- 
hveen 100 — T and the above reciprocal functions. 
Figure 1 shows that when the obser\"ed values for 



Flo. 1. REI_<TIOXSmP EETWTXX THE OeEE?.\TD V.i^LVES 
W (lOO-T), Oetais-eb o.v Xorm.\l Co?.xe.^s (Group 
U), AND THE Theoretical Line Constp.ucted rRoxt the 
Equ.^tion {m-T)=t/\<, When k. Olcul.^te.-. 
rroM THE OnsERvED V.f,LUE or (100 - D .at X = 4'^ 

WAS 2S X lOw ’ 


100 — T were plotted against 1/A* for each wave- 
length the observed data fell either on or verj- close 
to the theoretical line. Using 1/A^ the obsen'cd 
■values were consistently considerabh' less than 
those expected from the theoretical line, and using 



Fic. 2. Relatio.nship eetween .Aatilace Ocserixs Val 

UES OF (KW— T) AND THE WaATITNCTU CF LiOHT 

(1) normal comoas. !!o7>c=— 4.0 

(2) Group P. 5107^: = - 4.0 

(3) Group L, £lo 7 < = — 4,7 

(4) Group K. '!c 7 c = — 1.S 
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at the shorter wavelengths 15 dne 

light rather than to .^j„i.;sinn of light 

S'hc data obtained tor eor- 

by the sc?atchcd and treated 

ocas which were .-hich were 

%vHh x-ray (group U • ' untreated (group 

inoculated with ‘ ^ ^ ^Vhen the average 

K) arc presented m Table • 


• 1 the tnnsniission of light when there is an 
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opacity present. • 

tion about this * ,^up K were 
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slope .. f , .vlvelcnRlhs with m- 

transmission at the longer 
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TAiien n 

• • nf tiphl bv fobbtl cor«f<ir 
j-j,g pir ctr.l loss of ted;. group L: 


o-P 

23.75 P'S 


7 2S 1.00 

050 1.50 


1.75 1.50 

3.50 0.75 


--- 

'‘•25 HI 

5.00 0,75 


1.25 to. 
1.75 p 
1.00 0. 
2.50 3p 
10.75 11 
0.75 3 

1.00 3 

1.00 « 
0.00 ( 
0.50 S 
0.75 ' 

1.25 I 
0.50 ' 

0.25 
2.00 
0.00 
2.00 
1.50 
2.75 


.25 

.00 3.00 


’.00 2.50 
.00 3.50 


2.50 
2.75 

3.50 ‘16.00 


O 

o 

O 4 


.00 2-50 

i.75 3.75 


tbs 18.00 

2.50 8.00 


:.25 3.50 
f.50 3.50 


.50 pSO 
,00 2.75 


2 50 6.W 7.00 

3.00 11.50 11.25 I 

2.00 10.50 

3.00 

1.00 8.00 


3-00 10-00 
2.50 IpOO 


IfsTio 

S.46 0.40 


1 0.79 7.13 0.57 


2.64 13.29 

10 14 

0.51 10.86 



values for 100-7 ” 0.6 -l— 

against the wavelength thrt the h^ o | ° S « 
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The significance of the difference bet^veen the 
nean values of 100 — T (Table II) for groups L 
ind P was tested by “Student’s” t-test (4) and 
vas found to be not significant for filter 660 (red) . 
i^or filter 540 (green), the difference was signifi- 
;ant at the 5 per cent level only. The difference 
letween the means for groups P and K was sig- 
lificant at the 1 per cent level for filters 660, 540, 
ind 440 (blue) . 

DISCUSSION 

The procedure described here is a simple objec- 
tive means for determining the effect of a corneal 
opacity on the transmission of light at different 
wavelengths by the cornea. In a few instances no 
opacity was noticed upon visual inspection of the 
cornea in situ; however, the transmission of light 
was impaired in these corneas, and upon careful 
inspection a rather diffuse opacity was seen. 

It is apparent from these experiments that the 
decrease in transmission of light by the normal 
cornea at the shorter wavelengths is probably due 
to a scattering of the incident light by the cornea. 
This finding raises the question as to whether or 
not there is an}' absorption of light by the normal 
cornea, as reported by Wald (3). It is also ap- 
parent that the presence of an opacity introduces 
some factor, in addition to scatter, which results 
in a greater defect of transmission. The nature of 
this factor is unknown, but the data presented in 
Figure 3 could be explained by the addition of a 
neutral filter which would absorb equally at all 
the wavelengths. If this were true the relative 
effect of the filter would be greatest at the long 
wavelengths, because at these wavelengths the ef- 
fect of scatter is minimal. We would therefore 
suggest that the effect of an opacity on transmis- 
sion is due to the equal absorption of light at all 
wavelengths by the opacity. 

The comparison of the means for groups L and 
P indicates that the trauma associated wth anes- 
thesia, scratch, and x-ray produces some perma- 


nent decrease in the transmission of light by the 
cornea, even in the absence of erndence of an opac- 
ity. The lack of significance in the difference of 
the means fort filter 660 is probably due to the 
minimal effect of scattering at the long wave- 
lengths together with the factor of sampling vari- 
ation. It is clear from Figure 2 that trauma -with- 
out resulting opacity does not alter the nature of 
the transmission defect found in normal corneas, 
since the data for group L obey Rayleigh’s law. 

SUMMARY 

1. The in vitro transmission of light by the rab- 
bit cornea was measured wuth the Evelyn photo- 
electric microcolorimeter. 

2. In the normal cornea the per cent transmis- 
sion is less at the short than at the long wave- 
lengths of light. Since the decrease in transmis- 
sion is proportional to l/A^ and is consistent with 
Rayleigh’s law, it is concluded that the decrease is 
due to scattering of the incident light. 

3. Trauma to the eye may result in a permanent 
impairment of light transmission in the absence of 
an opacity which can be seen by inspection. This 
decrease is also due probably to scattering of light 
rather than to absorption. 

4. Inoculation of the rabbit cornea with vaccinia 
results in opacity which causes a significant de- 
crease in the transmission of light. This decrease 
is probably due to equal absorption of light at all 
wavelengths. 
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The nnticipnlcd itifluenza B ejiidemic tnatcrial- 
ized late in November, 1945 and reached its peak 
during the month of Dccemher. Sporadic cases 
were recognized in the United States (1) for a 
period of some months preceding the actual epi- 
demic. The importance of recognizing this pre- 
epidemic period is unquestionably a necessity in 
order to avail ourselves of the prepared vaccines. 
It has been demonstrated (2-12) that immuniza- 
tion against the influenza viruses elicits an anti- 
body increase and offers protection to the experi- 
mental inhalation of the virus strains. Francis 
and coworkers (13) have demonstrated further 
that vaccination with inactivated influenza viruses 
Types A and B olTers protection against influenza 
B during an epidemic. That this epidemic was 
due to Type B has also been shown by Dalldorf 
and Rice (14). 

It is recognized that other agents are responsible 
for certain cases of bacteria-free pneumonias. 
Clinically these various types of virus pneumonia 
often resemble each other. It is essential, there- 
fore, to determine, if possible, the agent responsible 
for the infection. Their differentiation may be 
made by isolation of the virus or by serological 
studies. In many instances, failure to isolate an 
organism does not eliminate its possible role as 
causative agent. On the other hand, the develop- 
ment of specific antibodies in convalescent sera is 
one criterion that is considered to be conclusive 
evidence of contact with the specific antigen. Many 
agents have been isolated and serological technics 
for their identification have been developed. 

These various viral technics available for labo- 
ratory diagnosis are now routinely employed in 
many laboratories. The examination of serum 
samples for the presence of antibodies to viruses, 
as well as those producing a clinical syndrome 

1 Aided by a grant from the Hendricks Research Fund. 


.similar to that produced by virus agents, may be 
made by the Hirst test (15) for influenza; cold 
agglutination (16) or its modification (17), and 
the indifferent Streptococcus MG (18) for atypi- 
cal pneumonia; and the commercial product Ly- 
granum CF = (19 to 23) for members of the 
psittacosis group. 

The c.xpcriments were designed in order (a) to 
ascertain the approximate time of the epidemics’ 
appearance or an indication of the epidemics’ ap- 
proach by pre-epidemic increases in serum anti- 
bodies, {h) to determine the nature of the epi- 
demic in this area, (c) to determine the effect of 
vaccination, and (</) to determine what antibody 
titers may be e.xpcctcd in a group of presumably 
normal individuals. 

MATERIALS AND METHODS 

Sera were derived from 2 sources. One group was ob- 
tained from 52 medical students who were bled each month 
for a period of 9 months from October, 1945 to June, 1946, 
inclusive. In this group 3 were females and the remainder 
were males. Of these, 15 students were given the con- 
centrated A and B influenza vaccine prepared from chick 
embryos. Except for 1 member of this group, all re- 
ceived their vaccinations after their second blood speci- 
men had been obtained. The lone student was vaccinated 
after his third blood sample had been taken. The 37 other 
members of this group were either members of the naval 
unit or civilians and were not required to be vaccinated. 

A careful record of each student’s health was main- 
tained with histories obtained before the program Was 
established and at each monthly bleeding. By coincidence, 
the vaccination program and the influenza epidemic were 
concurrent. 

Another group of sera were obtained from the uni- 
versity student infirmary and consisted of 66 acute phase 
sera and 25 pairs of acute and convalescent phase sera. 
The donors of these sera were all university students ad- 
mitted with upper respiratory infections during the 

" (E. R. Squibb & Sons.) This antigen is used only be- 
cause of its convenience, rather than its specificity. The 
use of a psittacosis antigen would be preferable, but more 
difficult to obtain. 
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epidemic period. In all cases, attempts were made to ob- 
tain a convalescent phase serum sample. Wherever co- 
operation was lacking, the acute phase sample ^vas placed 
in the "single serum group" (these are discussed more 
fully under results). All acute phase sera were taken 
upon admission to the infirmary and in most cases -were 
obtained during the first 2 days of illness. The con- 
valescent sera were obtained 2 to 6 weeks following in- 
fection. The clinical diagnosis of this group was varied, 
but all were considered to be respiratory infections. The 
number of males and females in this group was approxi- 
mately equal. 

All sera were handled in an identical manner. The 
blood samples were obtained under sterile conditions and 
maintained in the sterile state. Upon receiving the blood 
sample, it was allowed to stand at room temperature for 
several hours, then centrifugated, and the serum removed. 
All sera were frozen and stored at — 70° C. until ready 
to be tested. Prior to the titration of the serum, it was 
thawed and sufficient amounts removed and inactivated 
at 56° C. These were to be used in the agglutination- 
^ inhibition and complement-fixation tests. The cold ag- 
glutination and the streptococcus agglutination tests were 
made immediately following the thawing of the serum 
sample. All sera from the same individual were treated 
at the same time using the same test preparations. 

The sera were stored in sterile vials. All titrations 
were completed within 24 hours after removal of the 
sera from the frozen state and the sera were kept at 4° C. 
when not in actual use. 

Cold agglutination; The procedure was essentially that 
^commended by the Commission on Acute Respiratory 
iseases (17). It consisted of adding 0.5 ml. of a 0.2 
per cent suspension of fresh type O cells, obtained from the 
same donor throughout, to 0.5 ml. . 2-fold serial senun 
I utions starting at 1 ; 5. The tubes were shaken and kept 
^ Readings were made on the following 
Th fnbes had any opportunity to become warm. 

c end point consisted of that dilution giving definite 
agglutination of the cells. All titers e.xpressed are re- 
ciprocals of the final dilutions of the serum. 

Ircfitococcus MG No. 9: a From a culture of this or- 
ganism bacterial suspensions were made and tested in the 
manner described by Thomas, ct al (18). The organisms 
were washed 3 times in saline and a suspension corre- 
spon ing appro.ximatcly to a No. 3 McFarland standard 
streptococci were killed by heating at 
j . • for 1 hour. To 0.5 ml. scrum dilution starting at 
‘ volume of streptococcus suspensions was 

j mLxturc was placed in a 37° C. water bath 

“ 'ours, then overnight at 4° C., and then again at 
- hours. Following this, the tubes were 
^ la 'cn and read. The degree of agglutination used as a 
^j^n •"''i 'vas that of the original workers. The dilution 
o scrum giving a 1 plus reaction was used as the titer and 
IS e.xpressed as a final dilution. 

A witurc of this organism was received from Dr. 
‘•rank L Horsfall. Jr. 


Agglutination-inhibition test: The procedure used here 
is the same as is described by Hirst (15) except that we 
employed a 1 per cent chicken red cell suspension as used 
by Henle, et al (12). The virus was obtained from the 
allantoic fluid of 10- to 11-day-old embryos after numerous 
passages. The fluid from the embryos was obtained in the 
usual manner and then pooled. This pool was then titrated 
and separated into smaller amounts for storage. All virus 
pools were stored at —70° C. imtil needed. When fresh 
virus was required, the tube was removed at least 1 day 
prior to its use, thawed, and allow'cd to stand at 4° C. A 
hemagglutination titration was again made and exactly 4 
units antigen were used. The pools maintained the same 
titer for the entire test period. 

Sera were tested for inhibitory' substances to the in- 
fluenza viruses A, B,^ and Swine.® The PR 8 and Lee 
strains of influenza A and B were used respectively. 
Readings were made after 75 minutes at room temperature 
and the titers expressed are those giving a 2 plus or better 
inhibition of agglutination. A standard red cell sus- 
pension as well as the degree of clumping was used for 
comparison. All sera from the same individual were 
titrated against the influenza strains at the same time. 
The saline and the red cells were dispensed with an auto- 
matic pipetting machine. To avoid possible muxing of 
influenza strains, the same person worked with the same 
strains throughout the experiment Each virus strain 
had its own glassware. The expressed titers are final 
dilutions. 

Henle and coworkers (12) discuss the possibility of 
crossing the strains, which, on the basis of Ziegler’s and 
Horsfall’s work on interference (24), appears to pre- 
clude this possibility. However, titrations in immunized 
mice demonstrated that our virus strains were pure. 

Complement-fixation: All sera were tested for anti- 
bodies to members of the psittacosis group of viruses 
with Lygranum CF. To 02 ml. inactivated serum dilu- 
tions, 0.2 ml. complement (2 units) was added, followed 
by 02 ml. antigen (1 unit). These were placed in a 
37° C. water bath for H,4 hours and then 0.4 ml. sensitized 
cells were added to all tubes. These were then further in- 
cubated for hour and reading made. The usual anli- 
complcmentary and non-specific controls were included in 
all tests. The titers of sera giving 50 per cent or better 
fixation were considered positive and arc expressed as 
initial dilutions. 

Included with all tests, i.c. cold agglutination, strepto- 
coccus-agglutination, agglutination-inhibition, and th.e 
Lygranum complement fixation tests, were positive serum 
controls. 

RESULTS 

Patients 

.An increase in admission? to the student in- 
firmarx- became apparent late in November. 


■* Tliese two strains were supplied by Dr. V.'crr.er 
Henle, 

® Dr. Gilbert Dalldorf supplied th.e Sv.-ne strain. 
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<’/ ir.f.urfiTn h arnntifi students admitted to the 
student indrmnrv :Hth u{>f>er resfdratory infeetions, 
h’mrmher JQ-}} to February lo ftS 


] 

MoilUt 

Total ntimbrt 
<'f ailml' ioa' 

Total iitintlvrr 
of acute nml 
cotivalc'critt 
rrr.i tetod 

ttilhirUT.a U 

Inciilrncc 

Nov. 

4 

1 

1 

f'o’T (frtt 

4.0 

Dec, 

48 

18 

17 

68.0 

Jan. 

8 

5 

2 

S.O 

I'ch. 


1 

0 

0.0 

Total 

66 

2.S 

20 

80.0 


These admissions increased rapidly dtiring the 
month of Dcccmhcr, gradually receding during 
the months of January and February. Table I 
shows the total number of students admitted into 
the student infirmary during this 4-month period 
for acute upper respiratory infections. Of the 66 
admissions, 25 pairs of acute and convalescent 
sera were obtained. The greatest niunber of ad- 
missions occurred in December with 48 cases. 
There were 4 cases late in November, S in Jatnt- 
ary, and 6 in February. Of the paired sera, we 
obtained 1 in November, 18 in December, 5 in 
January, and 1 in February. Upon titration for 
influenza B, these were shown to have an inci- 
dence of 4.0 per cent, 6S.0 per cent, S.O per cent, 
and 0.0 per cent for those months respectively. 
The total of SO.O per cent shows a 4-fold or better 
increase in antibodies to influenza B. 

The sera were divided into 2 groups' for con- 
venience, one group consisting of the paired sera, 
the other group composed of a single serum sam- 
ple. The results obtained from tlie cold agglutina- 
tion, indifferent streptococcus No. 9 agglutination, 
complement-fixation (for members of the psitta- 
cosis group) and agglutination-inhibition (for in- 
fluenza A, B, and Swine) tests on the first group 
are shown in Table II.' 

Of the 25 paired sera, 3 showed increases in cold 
agglutinins, whereas 3 showed cold agglutinins but 
no increases or a drop in titer during convales- 
cence. Of the 3 with titer increases, patients Nos. 
58 and 108 were diagnosed clinically as atypical 
pneumonia with characteristic pulmonary involve- 

0 Because of facilities at the infirmary, this represents 
only a small part of the university students. Many were 
entered in other hospitals. 


nient. Case 96, although .sliowing a ri.se in cold 
agghitinins, demonstrated a more significant in- 
crea.se in influenza B antibodies. Clinically, this 
patient did not have any c.xtensivc pulmonary 
involvement and was considered to be influenza B. 
Patients 79. 85. and 86 all showed the presence 
of cold agglutinins. These titers, bccau.se of their 
failure to increase, were considered to be of little 
significance, and therefore, non-specific in nature. 

TAiii.r. n 


'F/ters of acute, and convalescent sera obtained from patients 
durinft epidemic; -a'inter lQ f5~I0 }6 


Scrum 

no. 

Cold 

aitulii- 

tin.ation 

Strepto- 
coccus 
-MG 
no . ') 

P.iitta- 

rrottr» 

Influtnra 

A 

n 

Sifinc 

56 .'\ 

0 

10 

0 

80 

320 

60 

B 

0 

15 

0 

so 

640 

60 

58 .A 

20 

0 

0 

320 

SO 

20 

B 

40 

0 

0 

so 

10 

40 

59 .A 

0 

0 

0 

160 

0 

0 

B 

0 

0 

0 

160 

160 

0 

60 .A 

0 

0 

0 

160 

1,920 

SO 

B 

0 

0 

0 

160 

1,920 

60 

66 A 

0 

20 

0 

80 

320 

40 

B 

0 

10 

0 

SO 

480 

40 

67 A 

0 

0 

0 

SO 

40 

20 

D 

0 

0 

0 

SO 

2,560 

20 

74 A 

0 

0 

0 

40 

80 

20 

B 

0 

0 

0 

40 

5,120 

20 

75 A i 

0 

10 1 

0 

160 

160 

40 

B 

0 

10 

0 

320 

2,560 

40 

72 A 

• 0 

20 j 

0 

320 

160 

40 

B 

0 

1 40 

0 

320 

10,240 

40 

76 A 

0 

0 

! 0 

SO 

320 

160 

B 

0 

0 

i 0 

80 

2,560 

320 

79 A 

20 

I 20 

1 0 

SO 

640 

640 

B 

10 

20 

0 

160 

2,560 

640 

83 A 

0 

10 

0 

4D 

320 

40 

B 

0 

10 

0 

60 

' 5,120 

40 

84 A 

0 

10 

0 

160 

320 

320 

B 

0 

20 

0 

320 

10,240 

320 

85 A 

15 

15 

0 

160 

320 

40 

B 

0 

10 

0 

320 

2,560 

40 

86 A 

15 

15 

0 

SO 

640 

320 

B 

15 

20 

0 

80 

10,240 

640 

87 A 

0 

40 

0 

640 

640 

320 

B 

0 

40 

0 

640 

10,240 

320 

94 A 

0 

10 

0 

160 

1,280 

160 

B 

0 

10 

0 

160 

2,560 

320 

96 A 

0 

20 

0 

640 

320 

SO 

B 

20 

40 

0 

1,280 

5,120 

80 

100 A 

0 

20 

0 

320 

1,280 

80 

B 

0 

20 

0 

640 

2,560 

80 

108 A 

0 

20 

0 

320 

460 

960 

B 

30 

40 

0 

640 

320 

1,280 

111 A 

0 

0 

0 

320 

160 

1,280 

B 

0 

0 

0 

320 

160 

1,280 

110 A 

0 

0 

0 

320 

40 

640 

B 

0 

0 

0 

640 

160 

320 

113 A 

0 

10 

0 

80 

SO 

320 

B 

0 

20 

0 

80 

10,240 

60 

114 A 

0 

20 

0 

80 

320 

320 

B 

0 

15 

0 

80 

320 

320 

121 A 

0 

0 

0 

320 

640 

160 

B 

0 

0 

0 

640 

640 

320 
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Sixteen patients demonstrated antibodies to the 
indifferent streptococcus MG No. 9. Their titers 
ranged from 10 to 40 without any showing signifi- 
cant increases. Of the patients showing increases 
in cold agglutinins, patients 96 and 108 gave a 
2-fold rise in streptococcus antibodies. Patient 58, 
although diagnosed as atypical pneumonia, did not 
have any agglutinins for this indifferent strepto- 
coccus. Many of the patients with influenza B had 
low titers for this organism. 

In this group, there were no complement fixing 
antibodies to the members of tlie psittacosis group. 
Several, however, were reactive with the normal 
chick embryo control. 

The titers for influenza A and Swine influenza 
showed no significant increase although several 
had high antibody levels. When tested against the 
Lee strain of influenza B, 15 patients showed 4- 
fold or better increases in their convalescent sera. 
Five patients showed only 2-fold or even no in- 
crease over their acute phase titers. However, 
inasmuch as the acute phase sera were obtained 
after several days of illness and the titers were 
quite high, we have considered them to be indica- 
tive of influenza B. 

Of the single serum group, 7 patients demon- 
strated cold agglutinins in titers ranging from 10 
to 60. A large number showed agglutinins for the 
streptococcus; and, as in the other group, they 
were mainl}' of low titer. One serum however, 
had a titer of 160. This titer along with a cold 
agglutinin titer of 60 and low influenza titers 
makes one strongly suspect a possible atypical 
pneumonia. There seemed to he little correlation 
between the cold agglutinin and the streptococcus 
titer, as in the other group. 

Titrating these sera for antibodies to the psitta- 
cosis group gave 3 positives. Two of these were 
quite low, a 1 : 5 serum dilution in each case giHng 
better than 50 per cent fixation, while one serum 
titered to 20. 

The influenza results are the usual titers ob- 
tained when single serum samples are titrated. A 
wide individual variation was apparent. Several 
of the sera did show high titers, one giHng a titer 
of 10,240. 

These sera that had high influenza B antibodies 
vere from students who had been ill several davs 
before entering the infirmary. This would ac- 


count for the high titers due to the rapid produc- 
tion of influenzal antibodies. 

Many of the patients from whom only single 
serum samples were obtained perhaps would have 
demonstrated antibody increases had convalescent 
serum been received. In some of these, as stated 
above, where the acute phase specimen was taken 
after a few days of illness, significant titers may 
be noted. 

Students: The sera obtained from these stu- 
dents were handled in the same manner as the 
hospitalized patients. All 9 serum samples from 
each student -were titrated at the same time using 
the same test materials. Of the 52 students, 3 
were unable to continue after their fourth bleeding. 
Their 4 samples, however, were tested. 

The majority of the student serum samples had 
titers of less than 10 for cold agglutinins. There 
were a few that showed a titer of 10 and some a 
titer of 20. There was only 1 student with a titer 
of 30 and again only one had a titer of 40. No 
greater titers were obtained. Although there was 
a greater number of students with titers for the 
indifferent streptococcus, here, again, relatively 
low titers were obtained throughout. There 
seemed to be little correlation between the presence 
of cold agglutinins and streptococcal antibodies as 
was noted in the hospitalized group. There may 
have been a slight correlation between strepto- 
coccal antibodies and the presence of upper re- 
spiratory infections such as colds and sore throats, 
but the evidence is insufficient to warrant any 
definite conclusion. 

With regard to the psittacosis group, there were 
a few sera that gave positive reactions for the 
group antigen in dilutions of 1 ; 5. In 1 case, all 
9 sera, i.c., each monthly sample, were positive at 
this dilution. The other sera were positives usu- 
ally for 1 or 2 months at most. These positives 
did not react with the normal control antigen. In 
a few other instances, there were some students 
who had sera that reacted both with the test anti- 
gen and the control antigen. These app.ircntly 
were non-specific, and so were not included with 
our positive results. 

Table III contains the results of titrating sera 
for antibodies to influenza -A, B, and Sv.-jne, Tr.e 
results have been summarized on tlii^ l.'iMe ar.d 
show the titers of tr.e str.dent' for each, nw.t'r.. 
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in (he juaist >howef{ very little variation dtiriny 
the cnur.'-e of the winter. It may In- .seen in Table 
III that the majority of .stttfients rlid not flemon- 
.<^tratc tiler.N jjrcater than 320. The nn vaccinated 
group maintained a enn.'-tant titer with .some .stu- 
dents showing a 1-tnbe variation which was con- 
sidered iiisignifieant. Two memi)er.s had no dcin- 
OJistrahle titers for the entire jn-riod, wliile 5 stu- 
dents, although initially having no titer, developed 
antibodies during the cour.se of the wijiter. Tite 
vaccinated group demonstrated, in mo.st instances, 
at least a 4-fold antibody rise. ]If)wever. 3 jutm- 
bers of the group gave only a 2-fold rise and 2 
members showed no antibody increase at all. Of 
those producing increased antibody levels, the 
levels resulting were variable with relation to the 
increase and duration. .Several maintained con- 
stant titers for the 7 tc.sted months following tlicir 
vaccination, whereas others dcmon.stratcd antibody 
decreases for I or more months previous to their 
last sample. 

The titers for influenza B were considerably 
higher in the majority of cases. Tabic III shows 
that the majority of students had antibody titers 
greater than 320. Tliis was evident before the 
start of the vaccination program and was consid- 
ered to bo indicative of subclinical infection prior 
to the beginning of this study. Several uuvac- 
cinated students demonstrated 4-fold or better 
antibody rises to this virus in their December sam- 
ple. None of these had reported infection or any 
illness during the preceding month. This would 
appear to indicate that they had come in contact 
with the virus during the epideniic without any 
apparent effect other than the stimulation of influ- 
enza B antibodies. As in influenza A, there are 
individual variations in the duration of the anti- 
body level. Interesting is the fact that the titers 
of those receiving the vaccine became higher for 
this virus than for the Type A strain. The high 
initial titer, Ic., the antibody level of October’s 
serum sample, would seem to indicate that contact 
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to tlic virus had been made, and makes us feel that 
the virus was present in the community several 
months prior to the actual outbreak. We were 
interested in observing that the general titers for 
Swine influenza, although not comparable to those 
for influenza B, were usually liiglicr than those for 
influenza A. There appeared to he little effect 
resulting from the vaccination; only 3 of the 15 
had more than a 2-fold antibody increase. Also, 
the titers of this group appeared to have very little 
relationship to the influenza A titers. Three mem- 
bers of this group demonstrated no antibody level 
during the entire series. 

We have averaged the titers of the vaccinated 
and unvaccinated groups for each month. The 
averaged titers for each group are represented in 
Figure 1. It is evident that the titers for influenza 
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Fic. 1. The Mokthly Titers of the VAcaNATEo akd Unvaccikated Studekts 
The points represent the average of the groups 


B were higher than the other viruses, even among 
the unvaccinated group. The vaccinated group 
(represented by the broken line) subsequent to 
their vaccination had immediate increases in their 
titers. Of the 15 students receiving the vaccine, 
none was hospitalized, although several did report 
“colds.” There was a slight antibody level in- 
crease among the unvaccinated group coincident 
with the time of vaccination. This was probably 
due to contacts or to cases in this group during 
the epidemic. 

A few of the students were ill with influenza B, 
as is evident by the increased antibody titers seen 
in the serum samples follou'ing their illness. In 
some cases, as mentioned above, antibody in- 
creases were obtained, but without any history of 
illness prior to the antibody increase reported. 

Tiic individual variation to v’accination is quite 
apparent in several cases. For example, student 
10 (Figure 2) maintained a constant titer for in- 
fluenza .A and Swine, of 160 throughout the test 
period. On the other hand, his titer for influenza 
B remained unchanged following his vaccination 
but jumped from a relatively high titer to a much 
higher titer 2 months after r-accination. This 
higher titer was maintained for a period of 5 


months before dropping to its original level. An- 
other student. No. 17, also showed no reaction to 
the vaccination, maintaining the same level for all 

3 viruses for some time. 

These titers with several other representative 
titrations may be seen in Figure 2. ^ It is quite 
apparent that individual variation with response 
to vaccination and infection may be noted in im- 
munological studies of this tj’pe. 

DISCUSSION 

The evidence presented indicates that the epi- 
demic in the cirilian population of tliis area was 
due to influenza B. Indications for the presence of 
this Yurus in the population previous to the actual 
outbreak have been mentioned (1, 13, 25), and 
further evidence is now reported. 

The importance of recognition of the virus m 
ad\-ance of the epidemic cannot be stressed sufli- 
ciently. The ralue of ■v’accination during this epi- 
demic and the importance of the agent s recogni- 
tion have been stressed by Francis and cowou.crs 
(13). We can only speculate, but the use of influ- 
enza vaccines at the proper time ma\ v. ell l.a.c 
reduced our number of cases considerably. Tiiat 
there were many more cases among fne p/oj;ulation 





Fic. 2. iNDivimr.M. Tirr.its ok Fivi; Stuuk.nts ovku thk N'int. Month PKHion roi: Init.it.nza A, B and 

SWINK 

* Vaccinated followioR tlicir Novcinlicr bleeding. 


was recognized, since the disease varies among 
individuals in its severity and need for hospitaliza- 
tion. Tiie need for studies along these lines is im- 
perative for the early recognition of the etiologic 
agent in order to administer vaccines at the proper 
time. The time element for administration of the 
vaccine is of importance as has been shown by 
several workers (S to 11). Reinfection, although 
in a milder form, may occur after several months 
have elapsed between vaccination and experi- 
mental infection. This is apparent in the anti- 
body decline following vaccination subsequent to 
its initial increase. The results indicate that the 
proph 3 dactic administration of the influenza vac- 
cine should be given during the month of Sep- 
tember in order to offer the desired protection 
before the outbreak of the epidemic. 

The significance of antibody levels is still ques- 
tionable in resistance to influenza. What may be 
considered a high level apparently is relative to 
the individual. Several individuals in our groups 
had no initial level. This was evident among the 


patients and the students. There were several 
who had no initial titers to one or more of the in- 
fluenza strains. Then, only because of vaccination 
or possibly infection, were titers obtained. We 
arc still unable to determine what may be con- 
sidered as a protective antibodj’ titer to each 
individual. 

Usually, the antibody response to infection with 
influenza B resulted in the production of anti- 
bodies specific for that agent. There were some 
individuals who developed a 2-fold antibody in- 
crease to our PR S strains and some to our Swine 
strain. We feel confident that these slight in- 
creases are not due to antibody destruction be- 
cause all materials were handled in such a man- 
ner as to avoid bacterial growth. The possibility 
of an anamnestic reaction as postulated by Bodily 
and Eaton (26) must be considered. These au- 
thors also suggest that their high titers to the 
Swine strains may be due to the strain responsible 
for their cases which have a greater antigenic 
fraction in common with the Swine strain than 
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Other strains of A. Another consideration may be 
that some individuals respond with greater anti- 
body levels than others to the antigenic compo- 
nents present in the infecting strains. Henle, et al 
(12), although using sterile sera, also found simi- 
lar reactions, i.e., the failure to respond to vac- 
cination among certain individuals as well as the 
increased antibody to the heterologous virus. 
These factors may be applicable to our cases, ex- 
cept for the usual consideration that there are no 
related antigenic components bet^veen influenza B 
and Swine. However, there is the possibility that 
the strain of influenza B causing the epidemic in 
this locality may have contained some Swine com- 
ponent. The failure to find significant increases 
to influenza A makes us feel that we are not deal- 
ing with a dual infection. 

The presence of antibodies to Swine influenza 
in human sera has been a debatable point for some 
time. Whether these antibodies are resultant 
from previous infection with a virus of the pan- ' 
demic type, as had been postulated by Shope (28), 
or due to repeated exposure to the human influ- 
enza virus of the pandemic type, as proposed by 
Francis and Magill (29), cannot be answered yet. 

Our results would seem to indicate that the 
titers obtained for Swine influenza could be due 
only to infection with an agent containing Swine 
antigenic components. This would be possible only 
if infection occurred with an A strain composed 
of some Swine components, a Swine strain which 
is a variant of influenza A, or a B strain with 
Swine components. This last possibility is un- 
likely unless there is a B strain as j’et unisolated 
or untested for the presence of common antigenic 
fractions with the Swine strain. If the Swine 
titers are due to infection with an A tj’pe, what 
happened to the A antibodies? Several of our 
group had no measurable amount of A antibody. 
Docs the A antibody disappear before the Swine 
antibody? It appears that the probable explana- 
tion is that the Swine strain is a t\'pc A strain 
differing from the PR 8 strain* in its antigenic 
structure. 

^ From the results it is evident that the indi- 
viduals immunological response to tliesc 3 influ- 
enza strains arc in many instances complctclv 
independent. 

ith our results, wc were able to a. 5 ccrtain 


many of the answers to our questions. We were 
somewhat disappointed in the results of the titra- 
tions inasmuch as we had anticipated a much 
sharper antibody increase during the epidemic. 
However, this was compensated by the fact that 
the ewdence indicated that the virus for the epi- 
demic was present far before the actual outbreak. 
Also, factors other than the presence of the virus 
are probably necessary for the outbreak. That the 
epidemic was due to influenza B has been dis- 
cussed. There was little need for any differential 
diagnosis of this epidemic from other syndromes 
since infections by other agents did not occur to 
any great extent. That the method we used was 
satisfactorj' remains as yet to be determined under 
conditions other than those present during this 
studjL Perhaps other agents, for example, that 
isolated by Meicklejohn and coworkers (30), 
should be tested for at the same time. At ani* rate, 
it is felt that studies along these lines would 
strongly indicate the etiological agent of this type 
of respirator}' infection. 

Although the vaccination occurred incidental to 
our original experiments and the members vac- 
cinated are relatively few, the results of the vac- 
cination confirm the findings of other workers in 
that usually strong results were obtained. The 
somewhat ambiguous immunological response 
demonstrated by a few does not appear to belittle 
the actual efficacy of vaednation. This seems to 
be in accord with the findings of other workers 
(12, 26). As would be expected, the antibody 
level of such a group would be varied. In all 
cases, the antibodies present were indicative of 
the patients’ past contacts. In most cases, anti- 
bodies were present for the influenza viruses. 
One must also consider the possibility of other 
respiratory infections which are clinically similar 
to influenza. These may be differentiated only by 
the failure to produce a specific influenza antibody 
response and the production of an antibody to the 
particular etiological agent. Such agents arc 
members of the psittacosis group f22, 31. 32. 33) 
and the drus of aU'pical pneumonia (30). Flor- 
man (23), employing Lygranum CF for studies on 
these agents as possible causes of virus pneumonias, 
suggests employment of this U-pe of antigen f'- r the 
diagnosis of agents of this group, .'vs v.e ‘-.ave 
demonstrated, the presence of ar.tih-odies to t' '* 



*. K'-tvrv A?;t> nvFt !> rit r-'.r • 


t'---;*,- v',* j ;’!' v fur I 


"-r- v.ur tr.A V-;-; 

;ht^ v tr. i 

V •>/ j .... 


fUfit.t. >■ .jlAt’HV 


“ih^ V.’.t'i'- fi I-..' [ I -. 




Hn*.'. rvrr, :t; 


-•:** r^-r; 

- - . • . V t ' 


.'''--rf,;.! V. .>rK ■ 

t 


i iV..'- r :■ 

t ‘r - r" 

• . I' 

I.'; •.! t . t: r 

-r t.'- .y- t; p 


tW'.- 

<• I'* t! ■■ ‘N- 

■ V ' ■> t 

i\ t 

‘ >. A'l-v. Pr,-- 

.■.I'h 



- .Vf-.f... 


VP'*, ^ .i 

.r. fi c, 

t -M . 


1 ( 1* 

-t t.-, I r;-. 


p,- 




t J ” z * 

: 'f: ;! 



; P /, A .'.r, A . 



VA\ 

t.’-t. 




'1* i'f >''{•> 



. i . if . !• 


! t 

. ... 

J-, b'rrt tmyj*:'. -- 


d:v; ! 

■J: u,>‘- 

VC’ 

• • : ' ' ' ^ 

i-C 

'! * A ' r^.i 1 f' i 


V(. . 

Pv;,- 

r l‘‘ ti 

3 3T"r. 1 

■■■1 ). .pp p/, 


3 


r ^ ! 

t 

:r . !',• r- 





3 *I ’ft . .* r 

■ .f f . f * 

. f 


f: ! 



M : ft { 


• 4 

\t J A-;:-r' = P:, 



3. 



Cb; jh'- b.;. !>! 

.1 

lU; ’r:. 


■t.tj.'r.”, 

U‘, P. fr 


v*!-,'. i'jA rr-.t 



r." ‘/ra: . ; 

l;;’’ : 

;i P. r, 1 

’ t • ‘,^'.1 n ’.1 :f t f ■ ? ^ 1: ^ ' 

. 1 . . >'.rr ( ! 


f.Py 

rr 

vit:: 

: ' •/ '» ■' 




P.P. 

H-ihh P- 


.57. 4 ! ; 


r tr -.‘i';-. (i'-;:; >•-;> 

•f 

V.-::. 1) 

P,. P.: 

V 

M . ib'-- 


rii 


' i*:- 'i 

t'i K i!'::-*. 

'*'f ; ,4^*“; 

... .r j..» . . 

r ■.! 1 . P M. 


tn ;i 

pphtt 

mat-' It; fi;- 


f. Aunra 

1 1 '■>. ! I "* O 


•' -.tih tn <rr 

r. !{ 

tv., i 


>:i tc 

tlm trrlif’trr- 


t; ■>; £:• 


» » 


IVP- A b; 

duup 




1 Irm;-,- 

(3'<). 

wv 

b'cIi-Vr that 

r. i : 

Srri;, T. 

r-. arc 

of ail 

1 in atvpi'.il 


Rmv.;:. P 


c:tt 


v.hrs*. vicv.T'l v,ith other j>r»>- 
cfoisrc >i!cr. .*1'' N-rny anil e'inii'at tnKtitn: -. 

It is fell thnt this s.'roii}) of ttiuy be •>» vahtr 
to the luhorntorv iti fstablishitu: tile ctiohy.ty of 


eii!!-/ ir'.r-t:t-!! v.i:!'; iriMii-riia viriM, t>iir Jt. Am. ). 
n-itt!,, t'^n, 34, Jir. 

i-' (i! h'avul l.ab''ra!.)ry K-- ifan;!! Uci!; N'o, 1, 

h'-'mari Am. J. .'.f. Sc., 

I‘)t4, 307, 306. 


re^pirntorv intectiori.s. AImj, brc.'Uisi- of tlirir *>. Uir-.t, <; K., Kickaril, F. U., ass'l Friribrua!'!, \V. }•'.. 

Mmnlicitv* (iint'tto.stic laboratoric.s .siioiib.l be :a)’e hr-, in human innmmir;ui.>n a.:ain-.t inn-icnca. 

‘ • ,1. D'.irati on i>l imii'.iinity in-luced by inactive virus, 

to employ them as routine pronp le-st.s m tiie hit)- ^ I ^ 

oratory diaj^no.sis. pt h’rar.cis. '1'., Jr.. Salk, J. H., Pcar.stm, H. F., arul 

Itrowii, I’. .V.. Protective effect of vaccination 
t'ON'CI.USION.S aeainst iiuh.iceil innuenaa A. J. Clin. Inve.st.. 194a, 

24, 536. 

1. Tlic epidemic in thi.s area was due to itinu- u. Salk, J. F., Pear.son, II. F., brown, P. N., and 
^ I'rancis, T.. Jr.. Protective effect of vaccination 

This virus was present for several months ''nnuenrn R. J. Clin. Invest., 1945. 

before the actual outbreak. j j jip„i{.^ \\r _ jicnje, G., Stokc.s, J., Jr., and Maris, E. 

3 . Vaccination results in an antibody increase Experimental exposure of Inunan subjcct.s to 

lasting in most eases for at least 5 months. Vac- viruse.s of influenza. J. Iinmuno!., 1946, 52, 145. 

rines should then be admini.stercd in the fall of 13. Francis, T., Jr., Salk, J. !•>., and Brace, \\ . M., The 
' ■ , . , . r „ protective effect of vaccination apainst epidemic 

the year m order to prevent infection. ^ ^ ^ ^ 3_. 

4. Serological studies of this nature arc o va uc j j D.,]i(|orf, G., and Rice, G. E., A preliminary state wide 

in: (a) determining the ctiologic agent, (b) as- influenza survey using routine blood specimens, 

certaining the duration of antibody titers, and (c) (In press.) 

ostimatinir the approximate time for administra- IS. Hirst. G. K., The quantitative determination of in- 

' fluenza virus and antibodies by means of red cell 

tion of vaccines. r . , .agglutination. J. Exper. Med., 1942, 75, 49. 

5. These tests may be used as a battery ot tests Paterson, O. L., Ham, T. H., and Finland, kf.. Cold 

by the laboratory, in order to ascertain the etiology agglutinins (antihemagglutinins) in primary atypi- 

of this type of respiratory infection. cal pneumonias. Science, 1943, 97, 167. 


CONXI.U.SION.S 



SEROLOGICAL STtTDIES ON INFLUENZA 


429 


17. Commission on Acute Respiratory Diseases, Cold 

hemagglutinins in primary atypical pneumonia and 
other respiratory infections. Am. J. M. Sc., 1944, 
208, 742. 

18. Thomas, L., Mirick, G. S., Curnen, E. C., Ziegler, 

J. E., Jr., and Horsfall, F.-L., Jr., Studies on pri- 
mary atypical pneumonia. II. Observations con- 
cerning the relationship of a non-hemolytic strepto- 
coccus to the disease. J. Qin. Invest., 1945, 24, 227. 

19. Eaton, M. D., and Corey, M., Complement fixation 

in human pneumonitis with group-reactive virus 
antigens. Proc. Soc. Exper. Biol. & Med., 1942, 
51, 165. 

20. Smadel, J. E., Wertman, K., and Reagan, R. L., 

Yolksac complement fixation antigen for use in 
psittacosis-lymphogranuloma venereum group of dis- 
eases. Proc. Soc. Exper. Biol. & Med., 1943, 54, 70. 

21. Rake, G., Shaffer, M. F., Jones, H. P., and McKee, 

C. M., Lymphogranuloma Venereum. “A mono- 
graph," E. R. Squibb and Sons, N. Y., 1943. 

22. Eaton, M. D., Martin, W. P., and Beck, M. D., The 

antigenic relationship of the virus of meningopneu- 
monitis and lymphogranuloma venereum. J. Exper. 
Med., 1945, 75, 21. 

23. Florman, A. L., The use of a commercially available 

complement-fixing antigen for the diagnosis of ele- 
mentary body types of viral infection. J. Immunol., 
1945, 51, 29. 

24. Ziegler, J. E., Jr., and Horsfall, F. L., Jr., Interference 

between the influenza viruses. I. The effect of ac- 
tive virus upon the multiplication of influenza vi- 
ruses in the chick embryo. J. Exper. Med., 1944, 
79, 361. 

25. Salk, J. E., Influenza in Europe during the winter of 

194S--16. J. Bact., 1946, 51, 632. 

26. Bodily, H. L., and Eaton, M. D., Specificity of the 

antibody response of human beings to strains of in- 
fluenza virus. J. Immunol., 1942, 45, 193. 

27. Lennette, E. H., Rickard, E. R., Hirst, G. K., and 

Horsfall, F. L., Jr., The diverse etiology of epi- 
demic influenza. Pub. Health Rep., 1941, 56, 1777. 

28. Shope, R. E., The incidence of neutralizing antibodies 


for swine influenza virus in the sera of human be- 
ings of different ages. J. Exper. Med., 1936, 63, 
669. 

29. Francis, T., Jr., and Magill, T. P., The incidence of 

neutralizing antibodies for human influenza virus 
in the serum of human individuals of different ages. 
J. Exper. Med., 1936, 63, 655. 

30. Meiklejohn, G., Eaton, M. D., and Van Herick, W., 

A clinical report on cases of primary atypical 
pneumonia caused by a new virus. J. Qin. Invest., 
1945, 24, 241. 

31. Smadel, J. E., Atypical pneunonia and psittacosis. J. 

Qin. Invest, 1943, 22, 57. 

32. Eaton, M. D., Beck, M. D., and Pearson, H. E., A 

virus from cases of atypical pneunonia. Relation 
to the virus of meningopneumonitis and psittacosis. 
J. Exper. Med., 1941, 73, 641. 

33. Rake, G., Elaton, M. D., and Shaffer, M. F., Similari- 

ties and possible relationships among viruses of 
psittacosis, meningopneumonitis, and Ij-mphogranu- 
loma venereum. Proc. Soc. Exper. Biol. & Med., 
1941, 48, 528. 

34. Dingle, J. H., Abemethy T. J., Badger, G. F., Bud- 

dingh, G. J., Feller, A. E., Langmuir, A. D., 
Ruegsiggir, J. M., and Wood, B., Jr., Primary 
atypical pneunonia, etiology unknown (Part HI). 
Am. J. Hyg., 1944, 39, 269. 

35. Blair, J. E., The complement fixation reaction with 

the antigen of lymphogranuloma venereum. J. Im- 
munol., 1944, 49, 

36. Favour, C. B., Autohemagglub'nins — “cold aggluti- 

nins.” J. Qin. Invest, 1944, 23, 891. 

37. Finland, M., Peterson, O. L., Allen, H. E., Samper, 

B. A., and Barnes, M. W. (with the technical as- 
sistance of Muriel B. Stone), Cold agglutinins. I. 
Occurrence of cold isohemagglutinins in various 
conditions. J. Qin. Invest, 1945, 24, 451. 

38. Finland, M., Samper, B. A., and Barnes, M. W., Cold 

agglutinins. VI. Agglutinins for an indifferent 
streptococcus in primarj' 3t>’pical pneumonia and in 
other conditions and their relation to cold iso- 
hemagglutinins. J. Qin. Invest, 1945, 24, 497. 



COMPARATIVE ACTION OF ACETYI^BETA-METHYL CIIOLINE 
AND HISTAMINE ON THE RESPIRATORY TRACT IN 
NORI^IALS, PATIENTS WITH HAY FEVER, 

AND SUBJECTS WITH BRONCHIAL 
ASTHMA > 

By JOHN J. CURRY 

{From the Evans Memorial, Massachusetts Memorial Hospitals and the Department of Medi- 
cine, Boston University School of Medicine) 

(Received for jniblication November 16, 1946) 


In a recent study (1), it was reported that the 
parenteral administration of histamine produced a 
sizable reduction of vital capacity in 8 of 9 active!}' 
asthmatic subjects, wliereas it produced no signifi- 
cant change of vital capacity in 2 control groups 
of normal individuals and patients with hay fever. 
Furthermore, the effectiveness of histamine in pro- 
ducing a reduction in vital capacity varied in dif- 
ferent asthmatic subjects and also in the same sub- 
ject with the degree of asthma present at the time 
the tests were done. The present communication 
reports the action of acct}d-bcta-methyl choline 
chloride (mecholyl chloride) on the vital capacit}' 
in asthmatic subjects, in patients with hay fever, 
and in a group of normal individuals and presents 
a comparison of the effect of mecholyl chloride 
with that of histamine. These assays were carried 
out in the hope of further elucidating the underly- 
ing mechanisms in asthmatic attacks. 

In 1912, Barker and Sladen (2) noted the ac- 
tion of pilocarpine and atropine in bronchial 
asthma. Alexander and Paddock (3) induced 
''asthmatic-like” attacks in 10 of 20 patients with 
asthma by the subcutaneous injection of 3 mgm. 
pilocarpine. The latter workers observed that the 
systemic response to pilocarpine, as manifested by 
salivation, sweating, epiphora, flushing, and a 
sensation of warmth, was slightly greater in the 
asthmatic subjects than in the normal subjects. 

' Starr, Elsom, Reisinger, and Richards (4) with 
the subcutaneous administration of 20 mgm. 
acetyl-beta-methyl choline inadvertently precipi- 
tated an "asthmatic-like” attack lasting 3 minutes 
in a young subject with a past history of asthma. 
Starr (5) also produced mild “asthmatic-like” at- 
tacks in asthmatic patients with acetyl-beta-methyl 

1 This work was supported in part by a grant from the 
Upjohn Company, Kalamazoo, Michigan. 


choline chloride given orally. Villaret and his co- 
workers (6) gave 20 to 40 mgm. doses of acetyl- 
beta-methyl choline subcutaneously to 15 asthmatic 
patients and produced in all of them “asthmatic- 
like” attacks which were regularly relieved by atro- 
pine. Moll (7) injected 5 to 20 mgm. doses of 
acetyl-beta-methyl choline subcutaneously in 28 
asthmatic subjects and produced in 23 cases “asth- 
matic-like” attacks of varying Intensity. The ex- 
tra-pulmonar)' response to the drug in the asth- 
matic group did not differ from the response in 
the normal control subjects. Moll therefore made 
the suggestion that the peculiar tropism of choline 
derivatives for the lungs in asthmatic subjects was 
due to a local sensitivity rather than to a general- 
ized state of increased sensitivity. Lung damage 
was considered an essential factor in determining 
the abnormal bronchial response. Dautrebande 
and Philippot (8) induced “asthmatic-like” at- 
tacks with aerosols of carbamino choline and stud- 
ied the effectiveness of aerosols of phenyl amino 
propane in relieving these attacks. Ellis and Weiss 
(9) and Carmichael and Fraser (10) noted that 
when acetyl choline was given intravenously to 
normal subjects a sensation of substernal con- 
striction was produced which was occasionally 
associated with coughing. Hurtado and Kalt- 
reider (11) recorded a definite decrease in vital 
capacity associated with a sensation of substernal 
constriction and difficult breathing in 2 normal 
subjects following the intramuscular injection of 
acetyl-beta-methyl choline in doses of 30 mgm. 
and 15 mgm. respectively. Eppinger and Hess 
(12) in 1917 cited asthma as an example of patho- 
logically increased vagotonia. One of the diffi- 
culties in accepting this theory of the etiology of 
asthma is the failure of atropine to give marked 
relief in the disease. Thus, while we have ob- 
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served notable improvement both in symptoms and 
in the vital capacity in asthmatic subjects follow- 
ing adequate doses of atropine sulfate intrave- 
nously, there is no question that the relief is not 
so dramatic as that after epinephrine. While there 
has been no extensive study of blood cholinesterase 
levels in asthmatic patients, the few that have been 
determined have been within the normal range 
( 13) . More important than blood levels, however, 
would be a study of lung cholinesterase, since, if 
there is an excess liberation of acetyl choline in the 
lungs of the asthmatic subjects, one might expect 
an increased amount of cholinesterase to be present. 

MATERIALS AND METHODS 

Acetyl-beta-methyl choline, hereafter referred to as 
mecholyl chloride , 2 was administered to 3 groups of sub- 
jects, and the reaction of the respiratory tract was meas- 
ured chiefly by recording the vital capacity by a technic al- 
ready described (1). The first group was composed of 
10 normal subjects who had no recognizable symptoms or 
manifestations of allergy. The second group included 11 
patients with seasonal hay fever who had neither a history 
nor signs or symptoms of asthma. These latter patients 
were also tested in the same way after the parenteral ad- 
ministration of histamine. The third group was composed 
of 27 asthmatic subjects, the majority of whom had mild 
continuing asthma. However, a few patients were in- 
cluded who had a history of typical asthmatic attacks in 
the past but who had had no recent signs or symptoms 
of asthma. As in the previous study, an attempt was made 
to secure young, cooperative subjects with vital capacities 
not subject to unaccountable variations. In all of these 
subjects the action of parenteral histamine on the vital 
capacity was also studied for purposes of comparison. 
Patient B. R., a 28-year-old, single female with mild 
chronic asthma, was again ver 3 ' cooperative and repeated 
studies were made with her assistance. 

Mecholyl chloride was dissolved in sterile physiological 
saline to a concentration of 20 mgm. per ml. for intra- 
muscular injection and further diluted with sterile physio- 
logical saline to a concentration of 0.1 mgm. per ml. for 
intravenous administration. Care was exercised in the 
preparation of the solutions because of the marked hygro- 
scopic property of tlie salt. The solution was placed in a 
sterile rubber capped bottle which was stored in a refrig- 
erator when not in use. A fresh solution ss’as prepared 
at 2- to 3-week intervals. Unless otlicrwise stated the 
drug was injected in the deltoid muscle. In some of the 
asthmatic group the reaction to the intravenous adminis- 
tration and nebuliration of the drug was also observed. 
Tlic maximum dose employed was 6 mgm. because cx- 
l^ricncc showed that with the patients in the sitting posi- 
tion larger doses sometimes produced untoward systemic 
effects, such as weakness and dizziness, which interfered 
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with the performance of the vital capacity test In the 
asthmatic group when wheezing or respiratory discomfort 
was present, doses of 0.25 to 0.50 mgm. were first ad- 
ministered to determine the reactiveness of the patient 
The dosage was then increased up to 6 mgm. or until a 
significant reduction in the vital capacity was produced. 
The intravenous dose ranged from 0.005 mgm. to 0.6 mgm. 
For nebulization a 1 : 40,000 solution was used. The de- 
gree of flushing, salivation, sweating, and tachycardia 
which followed the administration of mecholyl chloride 
was also noted. Histamine acid phosphate,® with 1 ml. 
equivalent to 0.2 mgm. histamine base, was given intra- 
venously to the groups with hay fever and asthma in doses 
equivalent to 0.01 to 0.04 mgm. histamine base, except in 
a few instances when the drug was given intramuscularly. 
In the latter cases the dosage was increased. 

RESULTS AND COMMENTS 

Intramuscular mecholyl chloride 

Normal subjects : In 3 of 10 normal individu- 
als a dose of 6 mgm. mecholjd chloride caused a 
definite though slight reduction in the vital capacity 
measuring 4 per cent, 4 per cent, and 6 per cent re- 
spectively (Table I). The tests were repeated in 

TABLE I 

The effect of 6 mgm. mecholyl chloride given 
intramuscularly on the vital capacity 
in normal subjects 


Subject 

Age 

1 

1 ^ 

Vital capacity 

Before druc 1 

Change 




TT./. 

per eer.t 

S. L. 

30 

M 

4.671 

-1 

S. K. 

30 

M 

4,494 ' 

-0.9 

W. H. 

21 

F 

3,511 

“f-5 

J.s. 

25 

M 

4,723 

-0.9 

P. K. 

31 

M 

3,605 

-f6 

J. C. 

32 

M 

4,347 

-0.5 

R. S. 

22 

, M 

4,681 

-4 




4,618 

-6 

R. B. 

28 

M 

3,929 

-4 




4,096 

-3 

W.G. 

23 

M 

4,891 

-6 




4,901 

-5 

R. D. 

29 

M 

4,012 

4-6 


tliesc 3 subjects within a few days and similar ef- 
fects were obtained. .All of the nonnal subjects o:- 
perienced a sensation of substemal constriction 
with difficulty in respiration. In spite of this, 
however, 3 subjects showed a slight increase in 
the vital capacity after the drug v.’as administered. 
It is likely that nonnal individuals liavc a slight 
but %'ariable sensitivity of the rcspiratoiy tract to 
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mccliolyl and that, if the dosage is sufficiently in- 
creased, a reduction in vital capacity might be pro- 
duced in all, as is suggested by the studies of Hur- 
tado and Kaltreider (11). However, in a subject 
with mild chronic bronchitis who had no allergic 
tendencies, the administration of 6 mgm. mecholyl 
chloride produced a pronounced decrease in vital 
capacity. Therefore it was important to make cer- 
tain that the normal group had no demonstrable 
respiratory tract disease. In the earlier study (1), 
among the 10 normal subjects given 0.03 mgm. 
histamine base intravenously, only 1 subject had a 
reduction in vital capacity of 3 per cent, 2 had a 
reduction of 2 per cent and 2 a reduction of 1 per 
cent. In the remainder the vital capacity increased 
following the administration of the drug. 

TABLE n 

The effect of mecholyl chloride and histamine base 
on the vital capacity of subjects with 
hay fever and no asthma 


Subject 

Age 

Sex 

Drug administered 

Vital capacity 

Meciioiyi 

chioridc 

I.M. 

Hista- 
mine base 
I.V. 

Before 

drug 

Cliangc 




mgm* 


ml. 

per cent 

L. H. 

48 

F 

6 


2,748 

-2 





0.03 

2,780 

-t-3 

H. W. 

28 

M 

6 


4,514 

-1 





0.03 

4,504 

4-. 04 

J.U. 

24 

M 

6 


4,786 

-6 




0.03 

4,765 

-4 

H. A. 

24 

M 

6 


4,264 

-3 




0.03 

4,494 

-t-0.4 

E. B. 

23 

M 

6 


3,981 

-9 




0.03 

3,950 

-7 

W. G. 

25 

M 

6 


4,608 

-8 




0.03 

4,608 

-2 

F. R. 

23 

M 

6 


3,961 

_2 




0.03 

4,055 

-0.2 

V. N. 

18 

M 

6 


4,138 

-5 





0.03 

4,190 

0 

L. N. 

33 

M 

6 


4,514 

-8 





0.03 

4,514 

-9 

A. H. 

23 

F 

6 


3,145 

-10 





0.02 

3,260 

-4 

L. P. 

31 

M 

6 


3,835 

-10 




0.02 

3,919 

-4 


Hay fever : In the group of 11 patients with hay 
fever who had neither a history nor signs or 
symptoms of asthma, the intramuscular injection 
of 6 mgm. mecholyl chloride produced some de- 
crease in vital capacity in all of the subjects (Table 
II). Seven had a decrease in vital capacity of 
5 per cent or greater. In comparison the intra- 
venous administration of 0.02 to 0.03 mgm. hista- 
mine base in this same group produced a decrease 


in vital capacity in 6 of the 11 .subjects and in only 
2 instances was the decrease greater than 5 per 
cent. It is difficult to evaluate changes in the vital 
capacity of less than 5 per cent since variations 
of this degree may occur in the resting vital capaci- 
ties, Nevertheless mecholyl chloride in the dosage 
used was more effective than histamine in reduc- 
ing the vital capacity in these subjects. The ex- 
trapulmonary response was not different in the 
hay fever group than in the nonnal group and in 
some instances the extrapulmonary reaction was 
waning as the respiratory tract reaction was in- 
creasing. The majority of these tests were per- 
formed during the pollen season although none 
of the subjects complained of symptoms at the 
time of the tests. This may be important, since 
Brown and his coworkers (14) have shown that 
patients with hay fever and no history of bronchial 
asthma may frequently show a diminished vital 
capacity during their pollen season. It would ap- 
pear worthwhile to repeat the tests on the hay fever 
subjects when the pollen season is terminated. 
Whether the more reactive patients with hay fever 
are those who may in later years develop astlima 
is a matter for conjecture. An attempt to corre- 
late the personal and familial allergic background 
of a larger group of these patients with the degree 
of respiratory sensitivity to mecholyl chloride and 
histamine is planned. 

Bronchial asthma: In the group of 27 asth- 
matic subjects, all had a reduction in vital capacity 
after the intramuscular administration of from 1 
to 6 mgm. mecholyl chloride, and in only 1 in- 
stance was this reduction less than 5 per cent. In 
this same group 22 of the 27 patients had a re- 
duction in vital capacity after parenteral hista- 
mine and in only 1 of the reactive cases was the 
reduction less than 5 per cent. The pattern of re- 
sponse to mecholyl chloride was similar in all the 
reactive patients although the sensitivity varied 
greatly from patient to patient and in the same pa- 
tient varied at different times, depending on the 
degree of asthma present when the test was per- 
formed. 

As a rule, in patients with only occasional mild 
attacks of asthma or in those who had only a his- 
tor)' of asthma, the respiratory tract was less re- 
active to mecholyl than in subjects with active 
bronchial asthma. Following the intramuscular 
administration of an effective dose of mecholyl 
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chloride the vital capacity was reduced when meas- 
ured 2 minutes later. At .the 4-minute period in 
many instances and especially it the reaction was 
pronounced, a further decrease in vital capacity 
was found. At 6 minutes usually there was a re- 
turn toward the resting levels in the vital capacity 
except in those cases when the reaction was severe. 
Depending then on the severity of the reaction, the 
vital capacity returned to the resting levels in from 
10 to 30 minutes. For example, in patient B. R. 
after the resting vital capacities were determined, 
a dose of 0.5 mgm. mechnljd chloride was injected 
into the deltoid muscle. Two minutes later the 
vital capacity measure s 1,881 ml., a fall of 1,233 ml. 
from the resting level of 3,114 ml. Four minutes 
after the injection t,ie ^ntal capacity was 1,787 ml., 
and at the 6-mir.ute period measured 2,080 ml. 
Vital capacities were recorded at the 10-minute, 
15-minute, and 20-minute periods and measured 
2,727 ml., 2,968 ml., and 3,114 ml. respectively. 
The flushing, sensation of warmth, sweating, and 
salivation ■ produced by the administration of the 
drug were minimal, but respirations were increased 
with audible inspiratory and expiratoiy' wheezing. 
Subject J. H., on the other hand, had a resting 


vital capacity of 5,454 ml. and 2 minutes after the 
intramuscular injection of 4 mgm. mechol}'! chlo- 
ride the vital capacity measured 5,298 ml. Vital 
capacities were repeated at 4 minutes, 6 minutes, 
10 minutes, and 20 minutes after the injection and 
measured 5,026 ml., 2,016 ml., 5,141 ml., and 
5,507 ml. respectively. 

When increasing amounts of mecholyl chloride 
were injected intramuscularly an increased re- 
sponse occurred, the vital capacity' was further 
reduced, and the subjective symptoms were in- 
creased. In subject P. M., for example, after the 
resting vital capacities were determined, varied 
amounts of mecholyl chloride were administered 
by the intramuscular route. In order to eliminate 
the possibility of a cumulative effect of the drug, 
the doses were given at 20-minute intervals in the 
following order, 2 mgm., 4 mgm., 6 mgm., 3 mgm., 
and 5 mgm. Vital capacities were measured at 
the usual internals of 2 minutes, 4 minutes, 6 min- 
utes, 10 minutes, and 20 minutes. The vital ca- 
pacities recorded 4 minutes after each injection of 
the drug showed an increased reduction with in- 
creasing dosage of mecholyl chloride (Figure 1). 
When identical doses of mecholyl chloride were 
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injected intranniscularly at 30-ininutc intervals, 
the decrease in vital capacity which resulted in 
some cases varied as much as 500 ml. In subject 
B. R.. for example, 5 intramuscular injections of 
0,4 mgm. mecholyl chloride at 30-minute intervals 
resulted in a decreased vital capacity of 846 ml,, 
857 ml., 1,129 ml., 773 ml., and 658 ml. respectively 
from a resting level of 3,385 ml. It is possible that 
these variations may be due to slight differences 
in the site of injection of the drug in the deltoid 
area since we have observed a difference in' the 
reaction pattern when the drug is given subcutane- 
ously. There is also suggestive evidence that with 
a less reactive subject and with larger doses of 
mecholyl chloride, from 4 to 6 mgm., used, a more 
unifomi reduction in vital capacity is obtained with 
repeated identical doses of the drug. In a few in- 
stances when prostigmin methyl sulfate, in doses 
of 0.5 to 0.75 mgm., was administered, the effect 
of mecholyl chloride on the respiratory tract was 
markedly enhanced. In view of the severe reac- 
tions that we produced in actively asthmatic sub- 
jects with small doses of intramuscular mecholyl 
chloride, it is difficult to understand how the sub- 
jects given 20 to 40 mgm. mecholyl chloride sub- 
cutaneously by Villaret and his coworkers were 
able to tolerate the reaction. It is possible that 
the patients were suffering only mild bronchial 
asthma and that the difference in the site of ad- 
ministration of the drug and the supine position 
resulted in a lessened response to drug. 

In the asthmatic group we were unable to detect 
any notable difference from the control groups in 
the extrapulmonary response to mecholyl chloride, 
as manifested by flushing, salivation, sensation of 
warmth, or tachycardia. These findings confirm 
those reported by Moll. However, the occurrence 
of an increased tracheobronchial reaction to me- 
cholyl chloride in 3 normal patients and many of 
our hay fever control group and some asthmatic 
subjects without any obvious respiratory infection 
would seem to indicate that lung damage was not 
necessarily an essential factor in determining the 
abnormal bronchial response as suggested by the 
same author. While the precise cause of this ab- 
normal tracheobronchial response in asthmatic 
subjects is not clear, studies are in progress which 
may throw some light on the mechanism. In one 
individual, S. G., a very mild asthmatic subject, 

6 mgm. mecholyl chloride intramuscularly pro- 


yoked an attack of unccjntrollcd auricular fibrilla- 
tion, confirmed by eleclrrocardiogram, which sub- 
sided spontaneously in Jl hour. 

Coviparison oj the effect on the respiratory tract oj 
mecholyl chloride: and histamine given 
par'cntcrally 

Since there appeared to be a difference in the 
response of the tracheobronchial tree to histamine 
and mecholyl, it appeared worthwhile to ascertain 
that they acted independently. While it is gener- 
ally agreed that the pha'nriacodynamic activity of 
the 2 drugs in the lungs differs, it seemed pos- 
sible that in the deranged sta‘>e of Ityperresponsive- 
ness of the respiratory tract hne substance might 
act to some extent through liberation of the other. 
There also appears to be some rei.itionship between 
histamine and mecholyl chloride in that antihista- 
mine drugs have some degree of anfiacetyl choline 
activity and antiacetyl choline drugs . have some 
antihistamine activity. Therefore, in patient J. D., 
0.02 mgm. histamine base was administered intra- 
venously, and a reduction of 1,944 ml. in tlie vital 
capacity followed. When the vital capacity had 
returned to the resting levels, 1 mgm. mecholyl 
chloride was given intramuscularly and a reduc- 
tion of 1,234 ml. resulted. After the vital capac- 
ity had again returned to the resting levels, a dose 
of 30 mgm. benadryl, a potent antihistamine agent 
(15), was given intravenously. When a dose of 
0.02 mgm. histamine base, given intravenously, 
was now repeated a decrease in vital capacity of 
only 168 ml. occurred, whereas 1 mgm. mecholyl 
chloride intramuscularly caused a decrease of 1,348 
ml. Benadryl, therefore, afforded remarkable pro- 
tection against the reduction in vital capacity due 
to histamine but gave no protection against the re- 
duction due to mecholyl chloride. In patient B. R., 
after 30 mgm. benadryl had been given by vein and 
marked histamine protection resulted, a dose of 2 
mgm. mecholyl chloride produced a pronounced 
reduction in vital capacity. In another experiment, 
in patient J. D., the reduction in vital capacity due 
to 0.01 mgm. histamine given intravenously was 
481 ml. A dose of 0.75 mgm. prostigmin methyl 
sulfate was administered intramuscularly and a 
repeat injection of 0.01 mgm. histamine 20 minutes 
later produced a drop in vital capacity of 481 ml. 
Prostigmin did not augment the response to his- 
tamine. It appeared, therefore, that in the asth- 
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TABLE in 


Effect of mecholyl chloride and histamine base on 
the vital capacity of patients with 
moderately active asthma 





Drug administered 

Vital capacity 

Subject 

Age 

Sex 

Mecholyl 

chloride 

I.M. 

Hista- 
mine base 
I.V. 

Before 

drug 

Change 




mgm. 

mgm. 

ml. 

fier cult 

B. R. 

28 

F 

2 

0.04. 

3,365 

3,334 

-76 

-78 

A. L. 

33 

M 

4 

0.03 

4,504 

4,901 

-45 

-44 

J. D. 

16 

F 

1 

0.02 

3,103 

3,083 

-46 

-63 

M. M. 

38 

F 

4 

0.03 

3,396 

3,322 

-18 

-16 

E. C. 

13 

F 

3 

0.01 

1,787 

1,891 

—51 

-29 

F. G. 

29 

M 

4 

0.03 

4,159 

4,107 


V. B. 

49 

M 

atonii 2 ed 

0.02 

3,961 

3,793 

-29 

-50 

S. \V. 

22 

F 

2 

0.01 

3,083 

3,752 

-65 

-54 

R. B. 

19 

M 

2 

0.02 

2,989 

3,783 

-54 

-47 

P. McD. 

20 

M 

6 

0.02 

4,274 

4,316 

-25 

-6 

W. J. 

14 

M 

2 

0.01 

2,278 

2,236 

-37 

-29 

R. B, 

25 

F 

2 

0.02 

2,404 

2,435 

-48 

-3 

I. S. 

20 

F 

1 

0.01 

2,351 

2,341 

-80 

-86 

V. C. 

25 

F 

2 

0.02 

2,153 

2,905 

-18 

-14 

S. M. 

37 

M 

4 

I.M. 

0.12 

3,177 

3,322 

-25 

-19 

J. D. 

19 

M 

3 

I.M. 

0.20 

4,389 

4,243 

-25 

-44 


made individual the 2 drugs, histamine and me- 
cholyl chloride, operated independently in pro- 
ducing a decrease in vital capacity. 

The subjective response to both drugs in regard 
to the action on the respiratory' tract in the asth- 
matic group was similar when the reaction was 
pronounced. The majority’ of subjects were unable 
to distinguish behveen them except that the me- 
cholyl chloride response was less apt to disappear 
quickly. When the reaction was mild, however, 
the majority of subjects felt that the mecliolyl 
chloride response was “more like a true asth- 
matic attack” than the histamine response. 

In all patients with active bronchial asthma the 
respiratory tract was hyperreactive to both drugs ; 
but, in the case of R. B.. an active asthmatic, the 
degree of reduction in vital capacity from a dose 
of 0.02 mgm. histamine intravenously u-as only 3 


per cent contrasted to a reduction in vital capacity 
of 48 per cent after the intramuscular injecrion of 
2 mgm. mecholyl chloride. It appeared that the 
tracheobronchial tree was more reactive to mecholyl 
chloride than to histamine, since small doses of 
mecholyl chloride from 0.25 to 2.0 mgm. intra- 
muscularly produced regularly a pronounced de- 
crease in vital capacity (Table III). 

In the group of asthmatics with only mild oc- 
casional attacks or with only a history of asthma, 
usually in childhood, sensitivity' of the respiratory- 
tract to mecholyl chloride was definitely more 
marked than sensitivity to histamine and sensitiv- 
ity to both drugs was less than in the former group 
(Table IV). One patient, W. B., who had a his- 
tory of asthma was not very reactive to either drug. 
A dose of 6 mgm. mecholyl chloride in this patient 
caused a reduction in vital capacity' of only 3 per 
cent and the intravenous administration of 0.03 
mgm. histamine was followed by a vital capacity- 
greater than the resting value. In another patient, 
W. F., who had a history' of typical asthma, an 
intramuscular dose of 6 mgm. mecholyl chloride 
caused a reduction of 31 per cent in the vital ca- 

TABLE rv- 

Effect of mecholyl chloride and histamine base on 
the vital capacity of patients with mild, 
occasional bronchial asthma or a 
past history of asthma 


Subject 



Drug administered 

. _ 

Vital capacity 

Age 

Scr 

Mecholyl 

chloride 

I.M. 

Hista- 
mine base 

I.V. 

Before 

drug 

Change 




rngm. 

mgri. 

rJ, 

ffT cent 

I. B. 

26 

M 


I.M. 

0.20 

3,375 

3,428 

-25 

-9 

M. S. 

45 

F 

3 

0.02 

3,250 

2,654 

-37 

-19 

D. D. 

43 

F 

6 

0.03 

2,581 

2,529 

-10 
+ 1 

\Y. B. 

27 

M 

6 

0.03 

4,399 

4,430 

—3 

*r2 

H. D. 

22 

F 

6 

0.03 

3,125 

3.240 

— 5 
-5 

R. M. 

22 

F 

6 

0.03 

3,522 

3,511 

-IS 

-10 

C. S. 

26 

M 

4 

0.03 

4,180 

4.3SS 

-12 

0 

S. G. 

21 

F 

6 

0.03 

2.686 

2,518 

-IS 

\V. F. 

27 

M 

6 

0.03 

4,681 

4,807 

-M 

-24 

G. M. 

34 

.M 

6 

0.02 

4.452 

4,201 

-15 

-r-1 

G. C. 

37 

.M 

6 

0.02 

4.608 

a $r\t 

-It 

-11 
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pacity and 0.03 mgm. histamine base intravenously 
caused a reduction of 24 per cent. In 3 subjects 
with only mild occasional attacks of asthma, D. D., 
C. S., and S. G., mecholyl chloride caused signifi- 
cant decreases in vital capacity, whereas the intra- 
venous administration of 0.03 mgm. Jjistamine pro- 
duced no decrease in vital capacity. In view of 
these findings it would appear that attoUion should 
be turned more towards discovering anticholi- 
nergic agents rather than antihistann'nc drugs for 
the treatment of bronchial asthma. 

Since there is a possibility that respiratory hy- 
perresponsiveness in the hay fever group may in- 
dicate those individuals who arc potential asth- 
matics and since the differences in reaction of the 
asthmatic group to histamine and mecholyl chlo- 
ride may serve to differentiate various types of 
asthma, it is planned to enlarge the group and at- 
tempt to correlate the reaction to the 2 drugs with 
the various clinical characteristics of the allergic 
state. 


Jntravowus mecholyl chloride 


When mecholyl chloride was administered in- 
travenously to asthmatic subjects, in doses of 
0.005 to 0.6 mgm., the maximal reduction in vital 
capacity was noted in about 30 seconds and the 
vital capacity returned to the resting levels in 15 
to 30 minutes. As might be expected with the 
larger doses a more pronounced reduction in vital 
capacity occurred and a longer time was required 
before the vital capacity returned to the resting 
levels. Thus, in subject B. R., the intravenous in- 


jection of 0.01 mgm. mecholyl chloride produced at 
the 30-second period a decrease of 760 ml. in the 
vital capacity, from the resting level of 3,170 ml. 
to 2,410 ml. Repeated vital capacities recorded 
at the 1.5, 3, 5, and 10-minute periods after the in- 
jection measured 2,510 ml., 2,770 ml., 2,950 ml., 
and 3,350 ml. respectively. In patient W. G., on 
the other hand, a dose of 0.6 mgm. mecholyl chlo- 
ride given by vein produced a reduction of 2,408 
ml. in the vital capacity from the resting level of 
3,598 ml. to 1,087 ml. in 30 seconds after the in- 
jection. Repeated vital capacities were recorded 
pt 1 5 3 5. 5, 10, 20, 30, and 40-minute periods 
and measured 1,964 ml., 2.341 ml 2^23 ml., 
2,748 ml.. 2,947 ml., 3,322 ml., and 3,469 ml. re- 
spectively. The intravenous injection of small 


amounts of mecholyl chloride produced a much 
greater reaction in the respiratory tract than much 
larger doses of the drug administered intramus- 
cularly, Thus, in subject B. R., the intravenous 
injection of 0,1 mgm, mecholyl chloride caused a 
reduction of 1,800 ml, in the vital capacity as com- 
pared to a reduction of 310 ml, produced by the 
intramuscular injection of 0.25 mgm. of the drug. 
When an increased dose of mecholyl chloride is 
given intravenously, a greater reduction in vital 
capacity occurs. For e.xamplc, in subject B. R., 
the administration of 0,01 mgm. mecholyl chloride 
intravenously caused a reduction of 762 ml. in the 
vital capacity, and, when subsequent doses of 0.03 
mgm., 0.05 mgm., 0.08 mgm., and O.IO mgm. of 
the drug were injected at 20-minute inten^als, the 
following reductions in vital capacity were meas- 
ured; 869 ml.. 835 ml., 1,170 ml,, and 1,798 ml. 
respectively (Figure 2). It may be seen that the 
0.01 mgm., 0.03 mgm, and 0.05 mgm. doses pro- 
duced a similar decrease in vital capacity but with 
larger doses notable increased reduction in vital 
capacity was observed. This same lack of sen- 
sitivity to small changes in dosage was brought 
out when increased doses of mecholyl chloride 
varying by only .005 and .01 mgm. were injected 
intravenously and but slight variances in reduc- 
tion of the vital capacity were recorded. 

Nebulized mecholyl chloride 

NebuHzation of a 1 ; 40,000 solution of mecholyl 
chloride produced a profound decrease in vital 
capacity which suggested that perhaps the re- 
spirator tract is more reactive to the drug when 
it is administered in this manner. For example, 
in patient B. R., 4 inhalations from the nebulizer 
of mecholyl chloride produced a decrease in vital 
capacity of 2,111 ml. from a resting level of 2,769 
ml. to 658 ml. There was no evidence over a pe- 
riod of 5 minutes that the attack was subsiding and 
0.85 mgm. atropine sulfate was given by vein with 
onty partial relief and an increase in the vital ca- 
pacity to 1,943 ml. Five minutes after the ad- 
ministration of 0.3 mgm. 1 : 1,000 epinephrine hy- 
drochloride intramuscularly there was marked sub- 
jective relief and the vital capacity measured 3,344 
ml. It is interesting to note that in .this case the 
relief afforded by atropine sulfate was not dramatic. 


COMPARATIVE ACTION OF' MECHOLYL CHLORIDE AND HISTAMINE 
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EFFECT OF MECHOLYL CHLORIDE l.V. 
GRADUALLY INCREASED DOSAGE 



MINUTES 
Fig. 2 


SUMMARY 

The reaction of the tracheobronchial tree, meas- 
ured chiefly by changes in the vital capacity, to 
mecholyl chloride administered intramuscularly in 
doses of 0.25 to 6.0 mgm. was determined in 10 
normal subjects, 11 patients with uncomplicated 
hay fever, and 27 patients with active bronchial 
asthma or a history of typical asthmatic attacks in 
the past. In the latter 2 groups, the reaction was 
compared with that due to parenteral histamine ad- 
ministered chiefly by the intravenous route in 
doses of 0.02 to 0.04 mgm. of the base. In the asth- 
matic group the reaction to intramuscular mecholyl 
chloride was studied in detail. The reaction to 
meclrolyl chloride given intravenously and by 
ncbulization was also studied in a few cases. 

In the normal group, 3 subjects had a slight re- 
duction in vital capacity after the intramuscular 
injection of 6 mgm. mecholyl chloride though all 
notcrl a feeling of tightness in the chest. In the 
group of 1 1 patients with hay fever, all had a slight 
reduction in vital capacity following the adminis- 
tration of 6 mgm. mecholyl chloride intramuscu- 
larh and in / cases the reduction was 5 per cent 


or greater. By contrast, in this latter group the in- 
travenous administration of 0.02 to 0.03 mgm. 
histamine base caused a reduction in vital capacity 
in 6 of the 1 1 subjects but in only 2 cases was the 
decrease 5 per cent or greater. 

In the group of 27 subjects with bronchial 
asthma or a history' of typical asthmatic attacks in 
the past all had a reduction in vital capacity after 
the intramuscular injection of from 1 to 6 mgm. 
mecholyl and in only I instance was the decrease 
less than 5 per cent. On the other hand, following 
the administration of parenteral histamine 23 sub- 
jects had a reduction in vital capacity, and in 22 of 
these cases the reduction was 5 per cent or greater. 
It appeared that patients with hay fever and asth- 
matic subjects were more reactive to mecholyl chlo- 
ride than to histamine and that both dnigs acted 
by different mechanisms on the hyperresponsive 
respiratory tract of these individuals. 

The pattern of reaction of the tracheobronchial 
tree to mecholyl chloride, as measured by the re- 
duction in vita! capacity, was similar in responsive 
individuals, though the degree of reaction •.•arie-l 
from patient to patient and in tlie s.a:r.e patient 
with the degree of asthma present at th.e time t:;e 
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tests were performed. With increasing doses of 
the drug, an increased reduction in vital capacity 
resulted. 

The intravenous injection of 0.005 to 0.6 mgm. 
inecholyl chloride produced a more pronounced 
decrease in vital capacity than the intramuscular 
injection, with its most notable effect in at)out 30 
seconds after the injection. Nebulization of a 
1 : 40,000 solution of mechohd chloride produced a 
pronounced reduction iti vital capacity'' which sug- 
gested that the tracheobronchial tree may be more 
reactive to the drug administered by this route. 

The degree of extrapulmonary reaction to me- 
cholyl chloride as indicated by flushing, sweating, 
salivation, tach)'cardia, and a feeling of warmth was 
no more notable in the asthmatic group than in the 
hay fever or normal groups. Paroxysmal auricular 
fibrillation occurred in 1 patient following a dose 
of 6 mgm. of inecholyl chloride intramuscularly. 
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Intravenous and oral protein alimentation using 
hydrolysates of casein for treatment and preven- 
tion of protein deficiency states is receiving in- 
creasing recognition. Emphasis has been centered 
around nitrogen metabolism in such surgical con- 
ditions as shock (1), burns (2), blood loss (3, 
4), wound healing (5, 6, 7 ), convalescence (8, 9), 
and postoperative infections' (10, 11). Numerous 
investigations (12 to 15) have shown that posi- 
tive nitrogen balance can be maintained for short 
periods of time in patients receiving intravenous 
amino acid mixtures as the only source of pro- 
tein. Another of the major indications for par- 
enteral nitrogen feedings is in patients with de- 
bilitating diseases who are unable or unwilling to 
take adequate food by mouth. In such cases the 
aim is to supplement the oral nitrogen intake by 
the use of intravenous protein hydrolysates to pro- 
vide for the restoration of depleted protein re- 
serves and the daily protein requirements. 

During the course of previous investigations in 
this hospital it was observed that individuals who 
received intravenous injections of an acid hydroly- 
sate of casein (“Parenamine”) failed to eat the 
normal amount of food at the subsequent meal and 
many complained of loss of appetite. Reports of 
the occurrence of nausea, vomiting and anorexia 
associated with the administration of protein hy- 
drolysates are common (12, 16-23). The symp- 
toms of intolerance to these preparations occur 
most frequently upon rapid injection and consti- 
tute one of the disadvantages to their practical use. 

Since nausea, vomiting, and anorexia following 
the infusion of protein digests might result in a 
decrease in food intake, the advantages offered 
by intravenous alimentation could thus be offset 
by a decrease in the consumption of food. The 
present investigatiotr was vmdertaken to determine 
to what extent the administration of solutions of 
amino acid mixtures would influence the volun- 


tary food intake in normal individuals. Studies 
were also carried out on the relationship of the 
rate of injection of amino acid mixtures to the 
occurrence of anorexia, nausea, and vomiting. 

EXPERIMENTAL 

Eight normal healthy adult males and 1 patient with 
portal cirrhosis were chosen for this study. They were 
permitted to be ambulatory except for the time required 
to complete the infusions. Each subject was offered a 
standard diet which supplied 3,544 calories. It contained 
approximately 135 grams of protein, 180 grams fat and 
347 grams carbohydrate. Each item of uneaten food was 
weighed and the amount consumed was calculated as the 
difference between the weight of food offered and the 
weight of that returned. The items in the diet were varied 
to permit some choice. From the weight of the food con- 
sumed it was possible to calculate by the use of standard 
reference tables (24) the total calories and the amount 
of fat, carbohydrate, and protein consumed each day. 

The general plan of the study was to keep the subject 
on the diet for a few days, then give amino acid prepara- 
tions either orally or intravenously along with the diet, 
and note any effect on the food consumption. The days 
during which added protein was given will be referred 
to in this report as the experimental period; it lasted from 
3 to 7 successive days when the supplemental protein was 
given orally and from 3 to 6 successive days, usually 3, 
when it was given intravenously. The subjects were un- 
der continuous obsertation for from 21 to 35 days. Each 
individual was studied for at least 2 e.xpcrimcnta! jicriods 
each of which was preceded and followed by control pe- 
riods of not less than 3 days. Three amino acid prepara- 
tions were used and they will be designated mixture I, II, 
and III.i 

’ MLxture I is an enzj-mic digest of casein and pork 
pancreas and is marketed under the trade name ‘‘Amigcn,’’ 
Mead Johnson and Co. Mixture II is an acid hydrolysate 
of casein to which tryptoplianc is added. It is marketed 
as “Parenamine” and was supplied through tlie courtesy of 
Frederick Steams and Co. Idixturc III is a synthetic 
amino acid mixture containing the ten cs 'ential amino 
acids to which glycine is added. Tt'.e am.ount' u!e-i v.ere 
suggested by Madden, S. C., and Clay, \V. A. (J. Kx;<r. 
MctL 1945, 82, CS) and referred to by them a< ruetu:'- 
"VUJ.” It uas supplied threemh t.he c','.;r!e!,v r; Merck- 
and Co. 
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Tlie sequence of amino acid mixtures used during tlic 
successive experimental periods was varied, as shown in 
Figures lA, IB and 2. Two subjects received only one of 
the mixtures, 7 subjects received 2 mixtures, and 2 of the 
subjects also received a 10 per cent glucose solution and 
physiological saline solution interspersed with the solutions 
of amino acid mixtures in order to obtain information on 
the effect that these solutions had on the food consumption 
(Figure IB). In 4 subjects the effect of using casein 
hydrolysates by the oral route was investigated for 5 
experimental periods and in these studies only mixture I 
was used. 

The amount of mi.xtures given on each experimental 
day was equivalent to 100 grams of protein.^ The volume 
of the solution administered daily was 1,440 ml. given in 
three 480-ml. infusions following each meal. Care was 
taken to arrange infusions so that they would not inter- 
fere with meals. The final concentration of amino acid 
mixture I and 11 was 8.3 per cent and of mixture III, 8 
per cent. The speed of the infusions was purposely varied 
so that the 480 ml. of fluid was delivered in from 60 to 
180 minutes. The rate of protein administration, there- 
fore, varied from 13 grams to 40 grams per hour (Table 
II). 

RESULTS 

The results of the influence of oral and intra- 
venous protein supplemental feedings on the 
amount of food voluntarily consumed during all 
of the control and experimental periods are sum- 
marized on Table I and Figures lA, IB, and 2. 
It can be seen that during the control period when 
the only source of food was the basal diet, the 
daily caloric intake remained relatively constant 
in all subjects. It is also evident that when amino 
acid Mixture I was given by mouth as the supple- 
mental feeding (Figure lA) tliere was little effect 
on the amount of food eaten. These changes, ex- 
pressed as calories consumed per day, are inter- 
preted as not being significant. Five subjects re- 
ceived amino acid Mixture I parenterally, and, of 
these, 4 had little or no depression of the caloric 
intake. The one patient in whom a depression of 
appetite occurred (Case No. 2, Figure lA), had 
an intake of 67 per cent of the basic control diet. 
In sharp contrast are the results which occurred 
in all 7 subjects who received amino acid Mixture 
II by the intravenous route. There was a constant 
reduction in the food voluntarily consumed , the 
average fall was to 61 per cent of the normal con- 

2 The total nitrogen of each amino acid mixture, based 
on the data supplied by the manufacturer, was multiplied 
by 6.25 to give the equivalent of the number of grams of 
protein. 


TABLE I 

The effect of amino acid preparations on voluntary 
food consumption 


Pa- 

tient 

no. 

Initials 

Period of study 

Day- 

on 

stud. 

Aver- 
age 
total 
caloric 
, intake 
cal. 
per 
day 

Food 

con- 

sump- 

tion, 

per 

cent 

of 

control 

1 

G. S. 

Control 

16 

3,227 




Preparation I orally 

9 

31313 

103,0 

2 

S. T. 

Control 

34 

2,257 




Preparation I orally 

7 

2;455 

104.5 



Preparation I I.V. 

10 

1,523 

67.6 



Preparation II I.V, 

3 

853 

37.8 



Saline I.V. 

3 

1,948 

86.3 



10 per cent Glucose 

3 

2,239 

99.5 



I.V. 




3 

H. W. 

Control 

17 

2,783 




Preparation I orally 

5 

2,612 

93.6 



Preparation I I.V. 

3 

2,461 

88.3 



Preparation II I.V. 

3 

1,693 

60.8 

4 

J. B. 

Control 

22 

1,807 




Preparation I orally 

5 

1,805 

99.9 



Preparation I I.V. 

3 

1,629 

90.0 



Preparation II I.V, 

3 

793 

43.0 

5 

W. M. 

Control 

24 

2,489 




Preparation I I.V. 

6 

2,249 

90.7 



Preparation II I.V. 

4 

1,493 

60,2 



Saline I.\^ 

3 

2,285 

91.8 



10 per cent Glucose 

3 

2,829 

111.7 



I.V. 




6 

E. G. 

Control 

18 

2,073 




Preparation II I.V. 

4 

1,600 

77.2 



Preparation II I.V. 

4 

1,241 

59.9 

7 

F. S. 

Control 

13 

3,061 




Preparation II I.V. 

3 

1,907 

62.4 



Preparation III I.V. 

3 

3,089 

101.0 

8 

G. E. F. 

Control 

18 

2,402 




Preparation III I.V. 

3 

2,706 

112.2 



Preparation II I.V. 

3 

2,081 

87.0 

9 

G. C. 

Control 

23 

3,211 




Preparation 1 I.V. 

3 

3,205 

99.8 



Preparation III I.V. 

3 

2,711 

85.0 


sumption with variations ranging from 37.8 per 
cent to 87 per cent (Table II). This reduction 
occurred in each of 2 experimental periods in 1 
subject (Patient 9, Figure 2) when he was given 
this preparation. The same results followed the 
giving of this solution irrespective of whether its 
use preceded or followed the other 2 mixtures. 

Amino acid Mixture III was administered to 3 
men (Patients 6, 7, and 8, Figure 2) and no meas- 
urable change of food consumption occurred dur- 
ing or following the preparation. Ten per cent 
glucose and physiological saline infusions were 
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Fig. IA. Effect of Amino Acid Mixture I Administered Orally and Intravenously and Amino Acid Mix- 
ture II Administered Intravenously upon the Voluntary Food Intake 



Fig. IB. Effect of the Intraixnous ADinNiSTRAiroN of Amino Acid Mixtures I and II upon the Vol- 
untary Food Intake, Compared with the Intravenous Administration of Physiological Saline and Ten 
Per Cent Glucose Solution 


given to 2 individuals and the results are shown 
in Figure IB. These 2 commonly employed solu- 
tions produced little effect upon the appetite of 
these men. 

In many experimental periods, notably with pa- 
tients Nos. 2, 4, 5, 6, and 7, tliere occurred a step- 
wise depression of food consumption with each 
additional day during the infusion of supple- 
mentary protein. In some instances this progres- 
sive depression extended into the first or even the 
second day of the following control period. This 
tendency toward a progressive loss of appetite on 
the last days of the experimental periods and a lag 
or overlap into the subsequent control period was 
particularly notable with the use oi Mixture II ; 


it occurred to a lesser degree with Mixture I, and 
was not observ'ed with Mixture III, 

It was observed that an important factor which 
influenced the consumption of food in these sub- 
jects was the reactions occurring with or soon after 
the subject received the amino acid mixture. In 
the case of amino acid Mixture III no reactions 
occurred, but Mixture II produced nausea and 
vomiting in many of the subjects. .Anoth.cr im5>or- 
tant complaint of the persons receiving the latter 
preparation was a burning sensation in ti;c arm 
while receiving tlie mixture. Tl'.c buniirg e.x- 
tended up the arm along the vein to the axilla and 
was occasionally followed by throrr:r>oph!rb;;:<. 
The tlirombosis and pain in the arm'^ in-ade pro- 
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Fig. 2. Effect of Intravenous Administration of Amino Acid Mixtures I, II, and III upon the Volun- 
tary Food Intake 


longed administration of this mixture difficult. 
The depression of appetite as reflected in the de- 
creased food intake was not directly related to the 
presence or absence of the venous thrombosis be- 
cause the depression occurred in subjects in whom 
no vein lesions developed, but the associated pain 
probably contributed to the poor appetite to some 


extent. Some of the men complained that after 
receiving any of these preparations they had an 
unpleasant taste that was similar to the smell of 
the casein digest. This peculiar taste was reported 
by a number of patients and remained for a few 
days after the administration of the amino acids 
stopped. 


TABLE II 

Effects of rales of intravenous administration of amino preparation on voluntary food consumption 


Patient 

no. 


2 

3 

4 

5 

6 

7 

8 
9 


Initials 


S. T. 

H. W. 
J.B. 
W. M. 

E. G. 

F. S. 

G. E. F. 
G. C. 


Amino acid mixture I 

Amino acid mixture II 

Amino acid mixture III 

Rate protein 

Change 
in food 
intake, 
per cent 
of 

control 

Nausea 

or 

vomit- 

ing 

Rate protein 

Change 
in food 
intake, 
per cent 
of 

control 

Nausea 

or 

vomit- 

ing 

Rate protein 

Change 
in food 
intake, 
per cent 
of 

control 

Nausea 

or 

vomit- 

ing 


ml. per 




ml. per 



grams 

ml. per 



ier hr. 

min. 



EiSiEuS 

min. 



per hr. 

min. 



13 

3.2 

-23 

N 


3.7 

-63 

V 





40 

lO.d 

-10 

* 


6.5 

-37 

V 





22 

5.5 

-10 

* 


5.3 

-57 

* 





24 

6.2 

-12 

* 

24 

6.2 

-39 

V 









30 

7.6 

-23 

* 









14 

3.5 

-40 

. V 



HI 






18 

4.5 

-38 

V 

22 

5.5 

HEI 

0 





27 

6.7 

-13 

V 

40 

10.0 


0 

32 

8.0 

0 

0 





26 

6.5 

Bi 

0 


* Information incomplete. 
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The results of the studies of the relationship of 
rate of infusion to the food consumption during 
intravenous protein feedings are summarized in 
Table II. Some of the peculiarities involved in 
the rate of administration of these products can be 
seen in the data derived from patient H. W. (No. 
3). Preparation I was given at an average rate 
equivalent to 40 grams per hour with no ill effects, 
while Preparation II caused a marked depression 
in food consumption when given at an average rate 
of 26 grams of protein per hour. Patient J. B. 
(No. 4) received both Mixtures I and II at almost 
identical rates. In this case the drop in calories 
consumed per day occurred only with the latter 
mixture. An unusual effect is presented by pa- 
tient E. G. (No. 9) who received Mixture II on 2 
different experimental periods of 3 days each. 
The rate was 30 grams per hour during the first 
period and only slight step--wise depression of the 
total food consumed resulted. At the second ex- 
perimental period the rate of infusion was approxi- 
mately that of the first period (14.5 grams per 
hour) and on this occasion this same mixture 
caused a pronounced fall in the amount of food 
eaten. Mixture III did not cause any change in 
the appetite as judged by the amount of food 
consumed, and the rate of its infusion was com- 


parable to or faster than those used with the other 
mixtures. 

In these cases where there was some reduction 
in the volimtary intake after the gi\dng of amino 
acid digests, the question of selective reduction of 
an)' one of the major foodstuffs was investigated. 
The amount of fat, carbohydrate, and protein eaten 
by each subject was calculated and expressed as 
the ratio of Protein: Fat; Carbohydrate. Table 
III is a summar)' of some of these ratios. There 
appears to be no constant decrease in consumption 
of any given class of foodstuffs after amino acid 
therapy. Variations in the ratios appear, but no 
trend is evident. In other words, when these indi- 
viduals cut down on eating they did not tend to 
avoid selectively the high protein foods and to eat 
only foods high in carbohydrates’ or fats. 

DISCUSSION 

Co Tui (9) has pointed out that one of the 
major drawbacks to the clinical use of casein hy- 
drolysates for intravenous protein feedings is the 
difficulty in giving enough to supply the nitrogen 
and caloric needs. This is particularly true if it 
is desired to give large amounts of protein build- 
ing materials. Elman (25), in presenting a re- 
gime for intravenous alimentation of patients suf- 


TABLE III 


o/ intravenous amino acid, therapy on the ratio of protein: fat: carbohydrate voluntarily consumed 
Ratio of protein: fat: carbohydrate of standard diet offered 1 : 1.32:2.56 


Pt. no. 

1 

2 

3 

4 

5 

6 


g 

9 

Pt. initials 

G. S. 

S. T. 

H. W. 

J. B. 

W. M. 

E. G. 

F. S. 

G. E. F. 

G. C. 


Fat:CHO» 

Fat:CHO 

Fat:CHO 

Fat:CHO 

FatzCHO 

Fat:CHO 

Fat:CHO 

FatiCHO 

FatiCHO 

Control 

Oral amino acid I 
Control 

Oral amino acid I 
Control 

I.V. amino acid I 
Control 

I.V. amino add 1 
Control 

I.V. phys. saline 
Control 

I.V. 10 per cent 
plucosc 

Control 

I.V. amino 
acid 11 

Control 

I.V. amino 
acid in 

1.63:2.55 

1.39:3.03 

1.44:2.60 

1.49:2.66 

1.51:2.99 

1.38:2.50 

1.20:2.45 

1.25:2.58 

1.32:2.66 

1.37:2.50 

1.77:3.70 

1.33:2.49 

1.2S:2.2S 

1.35:2.42 

1.52:2.95 

1.56:3.20 

1.52:1.76 

1.77:3.00 

1.54:2.89 

1.54:2.73 

1.56:3.13 

1.61:2.98 

1.92:3.55 

1.36:3.06 

1.42:3.22 

1.47:3.22 

1.57:3.90 

1.47:3.22 

1.84:5.35 

1.55:3.50 

1.34:1.94 

1.43:1.66 

1.61:1.68 

1.30:1.70 

1.34:1.79 

1.64:1.83 

1.40:1.68 

2.60:2.54 

1.47:3.63 
1.51 :3.75 

1.80:4.00 

1.16:2.80 

1.13:2.40 

1.35:3.03 

1.13:2.4? 

1.15:2.05 


’ Figures in the table arc fat: carbohydrate ratio, protein ”• 1. 
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fcring from severe protein deficiency, advised the 
giving of both amino acids and glucose. The sum 
of the volumes of solutions given per 24-hour pe- 
riod amounted to 3,000 ml., and the total ealorie 
intake was only 1,200 calories, an amount which 
usually would not he sufTicient for a normal subject 
to maintain his weight. In this investigation the 
daily dose of the equivalent of 100 grams of pro- 
tein was arbitrarily chosen because it was consid- 
ered an amount adequate to provide the generally 
recommended allowance of 1 gram of protein per 
kilogram of body weight and a margin to replace 
depleted protein reserves. 

A practical consideration in giving intravenous 
protein supplements is to employ a method that 
will not interfere with the patient’s daily food in- 
take. In this study 3 injeetions were given daily, 
and the individual infusions were eompleted in 
not more than 3 hours. Longer infusions were 
considered inadvisable from the standpoint of 
comfort to the patient and because the presence of 
the needle in the vein was a factor which mechani- 
cally interfered with the eating of the regular 
meals. The rates used with Mixture I and II ex- 
ceeded those usually recommended. Mixture III 
was frequently given at rates twice those used 
with the casein digests. The data regarding the 
rate of infusion in the present study do not permit 
any final conclusions. 

One of the requirements for an acceptable intra- 
venous preparation is that it must be injectable in 
adequate amounts without producing nausea, 
vomiting, or other unpleasant reactions. The 
relationship of reactions which occurred during or 
following the infusions to the depression of the 
appetite is a matter of great practical importance. 
The one constant finding was that, of the 3 mix- 
tures used, the greatest impairment in the appe- 
tite occurred during those experimental periods 
when Mixture II was given. However, it is note- 
worthy that none of the subjects given Mixture III 
had any side-effects, and in this same group no 
significant reduction in the consumption of food 
was observed. When these same patients re- 
ceived Mixture II impairment of the appetite 
occurred. 

At the present time there is no satisfactory ex- 
planation for the occurrence of nausea and vomit- 
ing. Albanese (26) questioned if these toxic ef- 


fects were due to unnatural isomers of certain 
amino acids which cannot be utilized by the human 
body. Hopps (27) suggests that the presence of 
some histamine-like substances, peptones or ty- 
ramine as agents may explain the frequently ob- 
served reactions of flashing, sensation of warmth, 
and nausea ; but he gives no experimental data to 
support these ideas. Madden and associates (22) 
have shown that both glutamic and aspartic acids 
when added to a mixture of pure amino acids will 
cause violent vomiting in dogs. The effect of 
these 2 amino acids upon the voluntary food con- 
sumption and as a factor causing emesis in humans 
is being investigated and will be reported in a 
separate communication. Hoffman, Kozoll, and 
Osgood (28) have presented evidence that the 
height of the amino acid nitrogen content of the 
blood is probably the factor responsible for pro- 
ducing nausea. They found that if the rate is 
sufficiently rapid to get a blood amino acid nitro- 
gen value of 10 mgm. per cent or greater, nausea 
will result. These studies were carried out using 
Mixture II. Hecht (21), using Mixture II, has 
suggested that perhaps the rapidity of the rise of 
the amino acid blood levels and not the actual 
levels themselves were responsible for the side 
effects. 

The progressive step-wise reduction in the 
amount of food voluntarily consumed during the 
succeeding days of the experimental periods oc- 
curred with such regularity, particularly with 
Mixture II, that it must be considered more than 
a chance occurrence. The overlap into the subse- 
quent first and second days of the control period 
and the gradual recovery were the usual findings 
in these cases. At present there is no explanation 
for this occurrence. 

These studies raise the question as to whether 
the advantages of giving large doses of amino 
acid mixtures intravenously are offset by in- 
creased urinary nitrogen “wastage” which would 
be expected to accompany the rapid rates of infu- 
sion. In the search for a more acceptable prepara- 
tion for intravenous use, this important point will 
require investigation. 

SUMMARY 

The effect of the oral and intravenous adminis- 
tration of mixtures of amino acids on the volun- 
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tary food consumption in normal human subjects 
was studied. Three preparations were used; an 
enzymic hydrolysate of casein (I), an acid hy- 
drolysate of casein (II), and a mixture of the 10 
essential amino acids plus glycine (III). The en- 
zymic digest had little effect on the appetite 
whether it v^as given orally or intravenously. The 
acid hydrolysate of casein consistently produced 
a marked depression in the voluntary food con- 
sumption during and following its intravenous 
administration. The mixture of the essential 
amino acids had no depressing effect on the appe- 
tite. This product was the best tolerated of the 
3 tested and could be given at exceedingly rapid 
rates without any ill effects. AVhen there was re- 
duction in the amount of food eaten, it consisted 
of a general lack of interest in food rather than a 
selective rejection of a certain class of foodstuff. 
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It has been shown that thfoiirea in amounts 
smaller than those recommended for thiouracil 
can produce a satisfactory remission in hyperth}''- 
roidism (1). The thyroid-depressant effect is 
enhanced if thiourea is used in combination with 
strong solution of iodine (2, 3, 4). The adminis- 
tration of these two substances together results in 
a more rapid and more profound drop in the con- 
centration of serum precipitable iodine than that 
observed with thiourea alone. Symptoms and 
signs of thyroid overactivity disappear along with 
or soon after the fall in serum precipitable iodine. 
Continued administration of thiourea, however, in 
the dosage initially used to produce a remission 
(280 to 210 mgm. daily) ultimately results in 
hypothyroidism in a number of patients. Inges- 
tion of desiccated thyroid is followed by disap- 
pearance of the hypothyroidism and the serum 
precipitable iodine concentration returns to normal. 

These facts suggest that the dosage initially em- 
ployed was unnecessarily large. The present study 
arose from an attempt to avoid hypothyroidism 
by the use of the minimum effective dose of thio- 
urea. To determine the magnitude of this, the 
effects of small doses of thiourea, '0.075 to 0.015 
gram daily, together with iodine solution in induc- 
ing and maintaining a remission in hyperthyroid- 
ism have been studied. Results obtained with 
iodine medication alone, and those with amounts 
of thiourea greater than 0.075 gram are included 
for purposes of comparison. 

MATERIALS AND METHODS 

Data are presented on 4 groups of hyperthyroid sub- 
jects, some with diffuse goiter and some with adenomata. 
With but few exceptions the patients were not hospital- 
ized. The diagnosis of thyroid overactivity was based 
primarily upon the presence of a concentration of serum 

1 Aided by a grant from the _ Fluid Research Fund, 
Yale University School of Medicine. 


* precipitable iodine of 8.0 gamma per cent or more (5, 6). 
This was usually but not invariably accompanied by an 
increase in the basal metabolic rate above plus 20 per cent. 
In all patients the clinical history and findings were com- 
patible with the diagnosis of hyperthyroidism. No toxic 
reactions were observed in any of the patients during 
treatment with thiourea. 

RESULTS 

H. Production of a remission in hyperthyroid- 
ism. The effects of 2 treatment r%imes on the 
course of active hyperthyroidism, measured by 
changes in the serum precipitable iodine, have been 
studied in 89 patients. 

(1) Treatment with iodine and thiourea. 
Fifty hyperthyroid patients were treated with thio- 
urea together with strong solution of iodine. Of 
these patients, 9 received 0.2S0 gram of thiourea 
daily in a single dose; 12 were treated with a 
total of 0.210 gram daily taken in 3 equal doses 8 
hours apart; 17 other patients were started on 
either 0.070 gram in a single dose, or on 0.075 
gram divided into 3 equal doses of 0.025 gram 
each; the remaining 12 patients took 0.005 gram 
of thiourea 3 times dail}’’ for a total daily dose of 
0.015 gram (Figure lA, B, C, and D). Each pa- 
tient in this group of 50 also received 5 drops of 
strong solution of iodine 3 times daily. 

It is evident from the figure that equally satis- 
factory results were obtained with either 0.280 
gram or 0.210 gram of thiourea daily in addition 
to iodine solution. At the end of 10 to 12 weeks 
of treatment or less, all but one patient in each 
of these 2 groups had developed concentrations of 
serum precipitable iodine of 8.0 gamma per cent 
or less (Figure lA and E). The use of a smaller 
amount of thiourea, 0.07 gram daily, proved to be 
somewhat less effective. At the end of a similar 
period of treatment, 10 out of 13 patients had 
responded (Figure 1C). A daily intake of only 
0.015 gram of thiourea, on the other hand, failed 
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The return of the serum precipitablc iodine to normal concentrations together with amelioration of the h>-per- 
thyroidism occurred almost as often in patients maintained on 0.07 gram of thiourea daily as it did in those on 0280 
or 0.210 gram. With doses as low as 0.015 gram daily, however, no thiourea effect is apparent; the occasional re- 
sponse obsen-ed is to be attributed to the iodine solution. 


with but 1 e.xception to bring and keep the hyper- 
thyroidism under control (Figure ID). More- 
over, in contrast to the findings in the preceding 
3 groups, hypothyroid levels of serum precipitable 
iodine (4.0 gamma per cent or lower) did not 
develop in any of these patients. 

The response to these various doses of thiourea 
is also reflected in the values of the serum pre- 
cipitable iodine at selected points during the course 
of treatment. The. averaged values of the serum 
precipitable iodine, for example, were quite com- 
parable prior to treatment in the 4 groups. They 
were 11.7 ri: 2.6, 11.8 lic 2.9, 12.8:ic3.S, and 11.7 
— 3.6 gamma per cent in groups A, B, C, and D 
respectively. After 10 to 12 weeks of treatment, 
the average value of the serum precipitable iodine 
in p.aticnts in group .-V had declined to 5.7 :±: 2.9 
gamma per cent. The decrease was progressively 
less marked in groups B and C receiving smaller 
amounts of thiourea, since the average value in 


the former during the 10- to 12-week period was 
6.5 ^ 2.0 gamma per cent, and in the latter 6.9 
rt2.3. In group D, however, the average level 
of precipitable iodine during a comparable period 
was 9.5 rir 1.5 gamma per cent. The serum pre- 
cipitable iodine therefore declined significantly in 
groups A, B, and C but not in group D. The 
differences in extent of decline among the first 3 
groups are probably not significant. 

(2) Tre.\tment with iodine alone. Thirty- 
nine patients were treated with strong solution of 
iodine alone, in a total daily dose of 15 drops. To 
simplify, graphic presentation results obtained with 
this therapy have been subdivided into categories 
based upon changes in tlie concentration of the 
scrum precipitable iodine (Figure 2.‘\. B. C. and, 
D). The scrum precipitable iodine declined to 
and remained at cutb.yroid levels, 4.0 to 8 0 ganur.."; 
per cent, in only 9 of the 39 patient^ ( Figure 2 A ) . 
In 6 otb.cr patient.^ tb.c senun. ],reripitr.b‘.e ’ 
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Fig. 2. Prolonged Treatment of Hyperthyroidism with Iodine Solution Only 
Clinical improvement and euthyroid concentrations of scrum precipitable iodine appeared and persisted in 9 of 
the 39 patients. In the remaining 30 patients the serum precipitable iodine, save for a temporary initial decrease 
in some instances, remained elevated and thyroid overactivity continued. 


fell 2.0 gamma per cent or more, but in only 1 did 
the concentration become normal.. This patient 
and several others showed a subsequent rise to the 
pretreatment levels (Figure 2B). In the ma- 
jority of patients, 17 in number, the serum pre- 
cipitable iodine either failed to change at least 2.0 
gamma per cent or was still distinctly elevated 
despite prolonged treatment with iodine solution 
(Figure 2C). In the 7 remaining patients, the 
serum precipitable iodine actually increased during 
iodine treatment (Figure 2D). 

In those few patients in whom the concentra- 
tion of serum precipitable iodine fell to normal 
levels the hyperthyroidism largely disappeared. 
Some of the others also showed a measure of 
clinical improvement. This did not always corre- 
late in either magnitude or direction with the 
change in the serum precipitable iodine. In the 
majority of patients, however, the clinical symp- 
toms and signs of thyroid overactivity continued 
unabated or actually increased during treatment 


with the iodine solution. None of the patients 
developed hypothyroid concentrations of iodine. 

B. Maintenance on reduced amounts of thiourea 
and on iodine solution. The effectiveness of 0.07, 
0.05, 0.035, 0.025, and 0.015-0.010 gram doses of 
thiourea and 15 drops of iodine solution daily in 
maintaining the remission obtained by larger 
amounts of thiourea has been studied in 15 pa- 
tients. Following the appearance of a stable 
euthyroid state the daily intake of the drug was 
reduced. In some of the patients the maintenance 
dose was decreased more than once. The strong 
solution of iodine, however, was continued 
throughout the entire treatment period in all 15 
patients without alteration in dosage. Variations 
in the concentration of serum precipitable iodine 
following reduction in the dose of thiourea are pre- 
sented in Table I together with otlier pertinent 
data. 

The remission was maintained despite a reduc- 
tion in the daily intake of thiourea to 0.07 gram 
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in 11 patients in whom the initial response had 
been induced by 0.280, 0.210, or 0.140 gram. Fur- 
ther decrease in the maintenance dose of thiourea 
to 0.050, 0.035, or 0.025 gram resulted in a recur- 
rence of hyperthyroidism in only 1 out of 11 trials 
(Patient E. B.). Attempts to control thyroid 
overactivity with 0.015 to 0.010 gram of thiourea 
daily failed, however, in 5 out of 8 patients. 

In the 4 patients in whom the serum precipitable 
iodine decreased to 4.0 gamma per cent or lower, 
the level was raised to euthyroid values in 2 (Pa- 
tients F. W. and P. G.) and toward normal in 
the other 2 (Patients K. S. and S. L.) by reducing 
the daily intake of thiourea. Maintenance of a 
remission for prolonged periods of time is quite 
feasible, therefore, on 0.07 to 0.025 gram of thio- 

TABLE I 


Effects of reduction of dosage of thiourea following 
the initial remission of hyperthyroidism 
on thiourea and iodine solution 


Patient 

Dosage 

of 

thiourea 

Dura- 

tion 

from 

start 

of 

thiourea 

Body 

weight 

Pulse 

rate 

Basal 

meta- 

bolic 

rate* 

Serum 

predpi- 

table 

iodine* 

E. B. 

grams 

0.280 

0.070 

0.050 

■weeks 

0 

0-22 

22-28 

28^5 

kiUh 

grams 

73.2 

76.1 

76.0 

75.0 

per 

minute 

100 

84 

84 

82 

Per uni 

gamma 
per cent 

8.3 

7.4 
8.0 
8.6 

M. M. 


0 

65.5 

70 

-h39 

14.2 


0.140 

0-27 

75.6 

56 

-9 

4.5 


0.050 

27-55 

75.8 

60 

+2 

, 4.3 

K. S. 


0 



-h36 

11.1 


0.210 

0-10 

69.3 

72 

-19 

2.4 


mmM 

10-13 

69.7 

70 

-26 

2.4 


0.035 

13-21 

60.0 

64 

-28 

3.2 


1 

0 

49.9 

84 

4-41 

9.8 



0-52 

58.2 

76 

-4 

1.7 


0.070 

52-69 

62.5 

76 

-18 

2.9 

■■ 

0.025 i 

69-75 

61.4 

70 

-14 

2.6 

M. B. 


0 

62.7 i 

88 

4-18 

9.9 



0-21 

60.9 

52 

-4 

5.4 



21-28 

60.6 

52 

-11 

6.3 



0.025 

28-45 

60.7 

56 

-6 

7.5 

E. C. 


0 

57.6 

72 

4-7 

8.7 


0.210 

0-11 

55.4 

60 

4-4 

4.2 



11-25 

58.6 

54 

— 13 

4.4 


0.035 

25-39 

59.6 

62 

-11 

5.4 


0,025 

39-67 

54.4 

56 

-10 

6.1 

J.H. 


0 

SS.O 

114 

■■ 

14.1 



0-20 

SS.6 

76 


S.O 



20-28 

58.6 

80 


i .6 


IHijgJ 

28-42 

56.5 

6S 

■a 

7.4 


TABLE I — Continued 


Patient 

Dosage i 
of 

thiourea 

Dura- 
tion 
from 1 
start 1 
of 1 
thiourea 

Body 

weight 

Pulse 

rate 

Basal 

meta- 

bolic 

rate* 

Serum 

predpt- 

table 

iodine* 

S. D. 

grams 

0.140 
0.070 
i 0.015 

i 

sceeks 

0 

0-11 

11-30 

30-38 

kilo- 

grams 

84.5 

83.2 

84.0 

per 

minute 

96 

64 

66 

Per cent 

-h66 

+ 13 

gamma 
per ur4 

13.3 

5.8 

7.0 

6.2 

E. H. 


0 

72.7 

84 

+40 

15.2 


0.075 

0-18 

75.4 

68 

-1 

4.4 


0.015 

18-30 

75.3 

66 

-1 

1 

6.5 

H.S. 


0 

64.2 

80 

+14 

9.3 


0.075 

0-11 

67.2 

68 

—5 

4.9 


0.015 

11-31 

71.3 

68 

-9 

/./ 

F. \V. 


0 

43.3 

120 ■ 


12.2 


0.210 

0-24 

45.0 

82 


2.7 


0.070 

24-64 

47.2 

84 


5.9 


0.015 

64-76 

47.0 

88 


9.2 

G. \V. 


0 

41.2 

112 

00 

+ 

17.0 


0.210 

0-31 

49.7 

1 76 

+6 

6.1 


0,075 

31-37 

49.6 

80 


7.0 

1 

0.015 

1 

37-43 

46.4 

100 


11.6 

P. G. 

1 

0 

60.8 

72 

ri-42 

: 22.2 


mmm 

0-32 

65.7 

60 

-23 

2.9 


0.070 

32-40 

67.9 

52 

-25 

3.9. 


0.035 

40-63 

63.2 

48 

+ 1 

6.9 


0.013 

63-80 

65.4 

64 

+8 

13.1 

M. A. 

■■■■ 

0 

59.2 

66 

mm 

9.7 


B inti 

0-19 

60.4 

68 

Kh 

6.4 


■1 ikH 

19-25 

61.4 

64 

Bl: 

7.4 


li iVJbl 

25-37 

61.3 

60 

BSI 

5.2 


0.013 

37-51 

60.5 

68 

-13 

9.4 

I. A. ! 


0 


78 

+29 

12.8 

1 

0.210 

0-22 

61.4 

56 

-20 

7.4 


0.075 ' 

22-28 

60.5 

58 

-16 

6.3 


0.010 

28-46 

60.6 

SO 

-10 

9.9 


* At end of period. 


urea with only rare exacerbation of hypertliyroid- 
ism. Reductions to these amounts also prevent 
or correct mt'xedema. Amounts of thiourea as 
low as .015 gram, however, appear to be quite as 
ineffective in maintaining a remission as they were 
found to be in producing the initial response. 

C. E^cci oj xvitUdrau’al oj thiourea. In 10 pa- 
tients, thiourea has been discontinued after admin- 
istration in \'arious amounts for S to 24 months, 
together with strong iodine solution. In 3 of 
these, the iodine solution was stopped nlot'.g with 
the thiourea. In the remaining 7, it v.as con:im.:ed 
as th.e sole medication. .-Ml 10 jjatient^ in this 
group were free of Ir.-perth.yroid symptom' and 
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Fig. 3. Effect of Withdrawal of Thiourea 

In patients in remission on thiourea plus iodine, hyperthyroidism usually recurs if thiourea medication is omitted, 
even after months of treatment, and even if iodine medication (all lines marked “L”) is continued. The numbers 
refer to the daily dosage of thiourea prior to withdrawal of this medication. Dotted lines indicate changes in serum 
precipitable iodine following cessation of thiourea therapy. 


had been repeatedly found to have euthyroid con- 
centrations of serum precipitable iodine prior to 
the withdrawal of thiourea. The effect of this 
change in the therapeutic regime on the concentra- 
tion of serum precipitable iodine is shown in 
Figure 3. 

Hyperthyroidism recurred in 8 of the 10 pa- 
tients within 6 to 12 weeks after withdrawal of 
the drug. This high incidence of recurrence ap- 
pears to be independent of whether the iodine solu- 
tion was continued or discontinued at that time. 

DISCUSSION 

It is evident that in most patients it is not neces- 
sary to provide a daily intake of thiourea greater 
than 0.07 gram given with strong iodine solution 
jji order to produce a rapid and complete remission 
in hyperthyroidism. Since a response to 0.015 
gram of thiourea together with iodine solution is 
obtained in only a very small proportion of sub- 


jects, the minimum effective dose of thiourea, 
given in conjunction with iodine, must lie between 
15 and 75 mgm. daily in most patients. Variations 
in individual response make more exact estimation 
difficult. Two advantages may be derived from the 
use of smaller doses of thiourea such as 70 mgm. 
rather than 210 or 280 mgm. First, it is possible 
that the number of toxic reactions may be mini- 
mized. Although in the studies reported in this 
paper no untoward reactions were encountered, 
drug fever developed in 2 patients in a previous 
series (2). Second, the smaller the dose em- 
ployed, the less is the probability of the develop- 
ment of hypothyroidism. We have, therefore, 
adopted the following regular plan of treatment. 
Ambulatory patients are usually started on 70 
mgm. a day, along with strong solution of iodine. 
5 drops 3 times a day. If they do not respond 
within 4 to 8 weeks, the dose is increased. Hos- 
pitalized patients with cardiac or other complica- 
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tions, on the other hand, are from the start treated 
with the larger amounts in addition to iodine solu- 
tion. Comparison between patients receiving the 
entire dose once a day and those in whom it was 
divided and spaced in 3 parts shows no significant 
difference in the response of the hyperthyroidism. 
Divided doses are preferable, however, in those 
patients subject to gastrointestinal reactions. 

If 210 mgm. daily are emploj'ed initially, it is 
desirable to reduce the maintenance dose of thio- 
urea to 70 mgm. daily or less once remission has 
occurred (Table I) . In this way hypothyroidism 
and myxedema can usually be avoided entirely. 
The dose should not be reduced below 25 mgfn. 
daily since 15 mgm. and smaller amounts are gen- 
erally ineffective. The large proportion of recur- 
rence which follows the cessation of thiourea ther- 
apy (Figure 3) effectually disposes of the possi- 
bility that the hyperthyroidism has been cured. 

In a previous paper (2) , the additive effects of 
iodine and thiourea in the larger doses, 280 or 210 
mgm. daily, were demonstrated. Too few obser- 
vations on the effects of 70 mgm. daily doses of 
thiourea without iodine are as yet available to 
establish that this same additive effect is present 
at these low levels of dosage. The possibility', on 
the otlrer hand, that the beneficial effects of this 
combined form of therapy are to be ascribed chiefly 
to the iodine solution given can be easily dis- 
carded. From Figure 2 it is evident that iodine 
solution by itself only rarely produces a sustained 
remission in hyperthyroidism, and from Figure 3 
it is clear that iodine alone cannot sustain a re- 
mission produced by thiourea. These results con- 
firm the general impression that continued treat- 
ment of hyperthyroidism with iodine medication 
alone is generally unsatisfactory. 

The physiological effect of these small amounts 
of thiourea point to a particular sensitivity of the 
thyroid gland to this drug, since, at least in the 
normal dog, there is no tendency for the thyroid 
gland to destroy or concentrate thiourea in meas- 
urable amounts (/). Thiourea does not accumu- 
late in the body to any extent and is distributed 
through most of the body fluids in about the same 
concentration as that found in scrum water (7). 
The concentration of thiourea in scrum after a 
daih dose of 25 mgm. is too low to measure bv 
present analytical methods, but th.e general range 


may be estimated from the volume of distribution 
of thiourea (about 0.8 times the body weight) and 
its renal clearance (50 to 60 ml. per minute) (8). 
This calculation indicates that the concentration 
ranges from 5 to 50 gamma per cent of thiourea 
in body fluids including, presumably, the available 
tvater of the thyroid gland. These are to be com- 
pared with concentrations of inorganic iodine in 
the water of the thyroid gland of the magnitude 
of 10 mgm. per cent, or 10,000 gamma per cent 
(9). It seems improbable that relatively few 
molecules of thiourea can combine with and redder 
unavailable, as has been suggested (10, 11), this 
great excess of inorganic iodine. The thiourea 
effect appears to be mediated, rather, through a 
block at a crucial link in the chain of reactions 
through which all of the iodide which is converted 
to organic iodine must pass. The studies reported 
in this paper indicate that this block in the con- 
version of inorganic iodine to diiodotyrosine and 
thyroxine can be produced by almost infinitesimal 
traces of thiourea. 

The fact that iodine medication does not inter- 
fere with the action of thiourea, even when the 
latter is present in relatively trifling amounts, and 
the fact that their actions are additive, prove that 
these substances act at quite different points. 
There is good e\'idence that iodine has two sepa- 
rate actions on the hyperthyroid gland; the first 
inhibits the effect of thyrotropic hormone, the sec- 
ond favors the accumulation of iodine within the 
gland, as a result of an excess of inorganic iodine 
(9). Thiouracil and related drugs interfere with 
neither action (12 to 15). Since they certainly 
prevent the S3'nthesis of thyroxine and diodoty- 
rosine from inorganic iodine (13), it is reason- 
able to suggest that they may act b}' poisoning 
the enzyme system responsible for this syntliesis. 
The lack of interference in the action of thiourea 
b\' iodine in large excess is most readily explained 
in this way. The experiments of .-Xstwood ( 10) 
in which he demonstrated a greater goitrogenic 
potcnc}' of thiouracil in animals maintained on a 
low iodine diet than in those on a high iodine diiet 
do not prove that there is a direct imerferenre 
between iodine and thiouracil. Ti’,e hieh. i'>dir.e 
diet more probably acts by inb.ibitir.'g th.yri.'.rt,;,;.: 
hormone action and debayin.g the ; :r,'-,nt 

of goiter. 
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SUMMARY AND CONCLUSIONS 

1. Doses of thiourea as small as 0.07 gram daily, 
in conjunction with iodine solution, produce a re- 
mission in hyperthyroidism with considerable 
regularity, 

2. The remission in hyperthyroidism can usually 
be maintained by the use of 0.05 to 0.025 gram of 
thiourea daily in addition to iodine solution'. 

3. A daily intake of 0.015 gram of thiourea to- 
gether with iodine solution does not induce a re- 
mission, or maintain it, following the use of larger 
amounts. 

4. Withdrawal of thiourea, even when the main- 
tenance dose is as low as 0.025 gram, is frequently 
followed by exacerbation of a previously controlled 
hyperthyroidism. 

5. Control of hyperthyroidism with iodine solu- 
tion alone is only rarely possible, with or without 
previous thiourea treatment. 

6. Prolonged, and perhaps indefinite, mainte- 
nance on thiourea and iodine is necessary to pre- 
vent recrudescence of hyperthyroidism, 
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Reports on vasodilator fibers in the human skin 
have not been in general agreement concerning 
either their existence or their relative functional 
significance (1-6). In a recent review on sympa- 
thetic surgery (7) , the interruption of vasodilator 
fibers was cited as a possible cause for the limited 
benefit that occurs after sympathectomy for cer- 
tain types of peripheral vascular disease. It 
seemed worthwhile, therefore, to reexamine the 
available evidence and approach the problem of 
vasodilator activity from points of view other than 
those previously described. 

Lewis and Pickering (4) suggested that heating 
the body produces maximal vasodilatation in the 
skin of the extremities by inhibiting vasoconstrictor 
impulses and also by stimulating additional active 
dilatation by vasodilator impulses. If this is true, 
local nerve block performed during pronounced 
heating of the body or of the other extremities 
should interrupt these vasodilator impulses, ex- 
clude active vasodilatation, and produce a slight 
but definite fall of skin temperature. The magni- 
tude of the reduction should be proportional to the 
postulated activity of the vasodilator mechanism at 
the time of the block. 

METHOD 

Patients on the surgical wards of the Massachusetts 
General Hospital were studied. Before beginning the ex- 
periment, the patient was placed in the cold room and cov- 
ered only by a loin cloth. Skin temperatures were deter- 
mined by means of 8 iron-constantan thermocouples which 
led to an electronic, nongalvanomctric, continuous balance 
potentiometer.^ This recorder registered in rotation every 
30 seconds so that each thermocouple registered every 4 
minutes. 

When skin temperatures were determined on the hand, 
the palmar surface of the distal phalanx of the second and 
fifth digits were used. The plantar surface of the distal 
phalanges of the toes and a point on the lateral aspect of 
the dorsum of the fool were used in obtaining skin tem- 
peratures of the lower c-xtremity. The shielded wire 
pro.ximal to the naked thermocouple was taped to the 
appropriate site at least 2.5 cm. away from the point of 

» Brown Instrument Co., Boston. Mass. 


actual determination so that there was no interference 
with heat loss at the point of determination. 

Rectal temperatures, when obtained, were recorded by 
means of a resistance bulb and potentiometer recording on 
a circular chart readable to 0.02° centigrade.- The -values 
at S-minute intervals were charted. Procaine or metj’- 
caine hydrochloride was used for the local blocks. The 
ulnar nerve was blocked at the elbow. Ankle block -was 
achieved by combining the conventional posterior tibial 
block with complete ring block at the ankle. The spinal 
block and the ring block of the toe were performed in 
the conventional fashion. Care was taken to make certain 
that epinephrine was not added to the anesthetic agent In 
those patients in whom a sympathectomy had been done, 
the blocks were always performed on the intact side. 

Indirect vasodilatation in the hands was induced by plac- 
ing the legs in warm water at 43-44° C. up to the knees 
(8, 9). Vasodilatation in the feet was induced by placit>g 
the arms in warm tvater up to the elbows. In 1 experi- 
ment, number 4, an air envelope, through which the arms 
and head protruded, covered the patient, and warm air 
at 45° C. was blown into it In 4 cases rectal temperature 
was recorded. In all cases, after placing the legs or arms 
in warm water, the degree of perspiration was noted. 

In order to control the factor of evaporation, latex 
rubber was sealed over the area under observation with 
collodion in 2 c.xpcrimcnts, numbers 7 and 8. In this way 
the loss of heat occurred from a dry Surface both before 
and after the block. 

RESULTS 

Figure 1 is the chart of experiment 2 and is 
representative of experiments 2 to 8. The patient 
was brought into the cool room in which the tem- 
perature was maintained at 19.7° C. He was cov- 
ered only by a loin cloth. The control temperature 
plateau prior to heating was obtained and at 10:30 
a.m. the arms were placed up to the elbows in 
water at 43-44° C. Sweating began at 10:40 a.m. 
and soon became profuse. This was continued 
until a second plateau was reached and at 1 1 :44 
a.m. a complete left ankle block, including the 
posterior tibial nerve, was performed. Just prior 
to the block a towel was placed over the left foot : 
the artificial rise in skin tenit'craturc tk.us induced 
is indicated by broken lines in Figure 1. The 

- Foxboro Instrumer.: Co., 14-'.!. 



454 


STANLKV J. SAUKOl'F AND FIOIUNDO A. SIMKOKK 



Fig. 1. Patient J. H., Experiment No. 2, a Right Lumbar Sympathectomy 
Arms immersed in warm bath at 10:30 a.m. Towel covering left foot produced artificial rise in skin temperature 
indicated by dotted lines. Ten minutes after start of ankle block, anesthesia was complete .and the skin temperature 
of the left foot and great toe rose above the pre-block level. 


towel was removed immediately and anesthesia 
began to set in at 11 :50. This was followed by a 
sustained rise in skin temperature that exceeded 
the pre-block level by 2.1° C. on the great toe and 
1.4° C. on the dorsum of the foot. A full block 
was still in effect at the end of the experiment. 

Had active vasodilator impulses been respon- 
sible for the height of skin temperature engendered 
by the heating of the indifferent extremities, block- 
ing the local nerve supply should have resulted in 
a fall in skin temperature. A rise actually oc- 
curred. Reflex activity in the sympathectomized 
extremity was apparently absent. 

Table I summarizes the results. Experiment 1 
was essentially a reproduction of one type of pro- 
cedure upon which Lewis and Pickering based 
their conclusions ; and, although our data are simi- 
lar to theirs, we believe, as do Warren al, that 
another interpretation is tenable. This view is 
supported by the results of experiments 2 to 8. 
Experiment 2 has already been described. In ex- 
periments 2 to 8 no evidence could be found that 


active vasodilators took part in the reflex., vasodila- 
tation resulting from heating the extremity or the 
body. Local nerve block in these experiments was 
followed by a rise in skin temperature instead of 
a fall in 5 of the 7 experiments, and in the Yemain- 
ing 2 the nerve block resulted in no appiVeciable 
change. In none did a fall in the skin temperature 
occur. .J 

Experiments 7 and 8 repres'etjt atteni^s bo con- 
trol the factor of evaporation in ^4?:r to b'je cer- 
tain that the rise in skin temperature following 
the local nerve block was not due to the cessation 
of sweating. In these experiments the area from 
which the skin temperature was determined was 
covered with latex rubber and sealed with collo- 
dion so that heat loss occurred from a dry surface 
both before and after the nerve block. 

Figure 2 is the chart of experiment 8. The 
left fifth finger was covered with a finger cot at 1 
and indirect vasodilatation was induced by placing 
the legs in warm water at 2. Just prior to the 
block the patient became quite apprehensive, and 
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TABLE I 


Response of skin temperature in normal and sympatkectomized extremities to indirect vasodilatation and the 
response of normal extremities to indirect vasodilatation plus local nerve block 







Skin temperature 


Exp. no. 

and 

patient 

Disease 

Room 

Sites of skin 
temperature 
determination 

Type of block* 

Intact side 

Sympathect. side 

Rise in 

temp. 

Before 

heating 

During 

heating 

i After 
heating 
and 
block 

Before 

heating 

During 

heating 

temp. 

1. J. H. 

Vasospasm 

'-c. 

18.5 

Great toe 

None 

“C. 

19.2 

'C. 

35.8 

"C. 

•>c. 

33.2 

'iii 

•c. 

N 




Dorsum of foot 

None 

21.2 

i 

35.4 


32.0 

31.4 

2. J. H. 

Vasospasm 

19.7 

Great toe 

P. tibial and 
compl. ankle 

20.3 

34.5 

36.6 

33.4 

31.6 

N 




Dorsum of foot 

23.0 

34.5 

35.9 

32.8 

31.2 

3. E. C. 

Post-polio 

vascular 

disorder 

21.5 

Great toe 

None 




34.5 

34.3 

2.3 



Second toe 

Ring block 
second toe 

24.5 

33.7 

36.0 



4. A. B. 

Normal 

20.0 

L. 5 finger 

Ulnar n. at 
elbow 

21.3 

35.7 

36.1 



N 


1 


R. 5 finger 

None 

21.3 

34.6 

34.8 



5. A. B. 

Normal 

1 32.0 

L. 5 finger 

None 


35.4 

36.0 



N 




R. 5 finger 

R. ulnar n. at 
elbow 


34.4 1 

1 

36.2 



6. P. Z. 

Raynaud’s 

22.0 

2 finger 

None ! 

23.4 

32.7 

33.3 

29.6 

27.2 

i 

0.3 




5 finger 

Ulnar n. at 
elbow 

23.1 

32.8 

32.9 

24.5 

26.2 

7. G. C. 

Buerger's 

20.0 

R. foot dorsum 

Spinal to D3 

24.8 

32.9t 

32.9t 







L. 3 toe 

Spinal to D3 

22.3 

24.3 

25.3 




8. K. M. 

Raynaud's 

19.0 

L. 5 finger 

L. ulnar n. at 
elbow 

20.4 

32.8t 

34.0t 







L. 2 finger 

None 

20.0 

32.1 

1 

32.0 









Before 

block 

After ! 
block 





9. A. B. 

Normal 

20.4 

R. 5 finger 

R. ulnar n. at 
elbow 

22.1 

34.3 




V 




L. 5 finger 

None 

22.6 

22.2 

i 






• BIcxi always performed on intact side, 
t Area co\-ered with rubber and scaled. 

N Not recorded. 


a slight fall in skin temperature occurred. After 
the block, however, the unblocked area (the left 
second finger) resumed its pretnous level, while 
tlie blocked area exceeded its pre-block level by 
1.2 C., even though the factor of evaporation was 
controlled throughotit. 


Figure 3 is the chart of e.\'periment 7. Indirect 
'■asodilatation was begun at 1. Tl'.c dorsum of the 
foot was covered by latex rubl>cr and se.'led at 
the arrow. Spinal anesthesia wa«; induced at 2. 
Tlie arms were removed from the warm h-'.t:; at 3. 
Despite the fact th.at th.e arteri.a! prc^ = u:e f'-!! rn.d 
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I0‘.20 30 40 60 IlMO 10 20 30 40 50 12:00 10 20 30 40 50 KO » 20 



Fig. 2. Patient K. M., Experiment No. 8 

L.F.F. — Left fifth finger (unbroken line). L.S.F. — Left second finger (broken line). 1 — Left fifth finger cov- 
ered with finger cot. 2 — Legs immersed in warm water. 3 — Procaine block of left ulnar nerve at the elbow. 
Patient became quite apprehensive just prior to the block, accounting for the fall in skin temperature. Following the 
block the anesthetized area rose to 1.2° C. above its pre-block level. The unancsthetized area resumed its prewous 
level. 



1 ^Arms immersed in warm water. Arrow — right foot covered with latex rubber and collodion seal. 2 — Full. 

spinal block to D3. 3 — ^Arms out of warm water. Despite a 1.4° C. fall in body temperature and a lower systolic 
arterial pressure, the skin temperature of the right foot maintained its previous level. (See text.) 
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there was a 1.4° C. fall in body temperature, the 
skin temperature of the blocked area did not fall, 
but maintained its pre-block level. In this ex- 
periment, as in experiment 8, the factor of evapo- 
ration was controlled by making certain that heat 
loss from the area occurred from a dty surface 
both before and after the block. 

In experiments 2 to 8 inclusive (illustrated by 
Figures 1 to 3), “maximal vasodilatation” was 
first induced by heating the indifferent extremities 
with warm water or by beating the body with 
warm air. Heating was intense enough (a) to 
produce profuse sweating in every instance and 
(6) to elevate rectal temperature 0.3° to 2.3° C. 
in the 4 experiments in which it was determined. 
If vasodilator nerves share in the control of blood 
flow to the skin of the digits, there is ever}' reason 
to believe that the stimulus used in these experi- 
ments was adequate to bring them into action. 
Subsequent local nerve block resulted in complete 
anesthesia in the appropriate area and a fall in 
skin temperature did not occur in any case. It is 
reasonable to conclude from these results that the 
vasodilatation produced by pronounced body 
warming does not include any measurable compo- 
nent that can be attributed to vasodilator impulses. 

DISCUSSION 

It is well to point out that small changes in skin 
temperature at the higher ranges (33° to 36° C.) 
reflect relatively major alterations in blood flow. 
Wright and Phelps (10) have found that a rise of 
1° C. in this range may represent a change in the 
corresponding blood flow determination from 3 ml. 
per 100 ml. of tissue per minute to a value of 10 
ml. per 100 ml. of tissue per minute. 

In recent years, support for the tlieor}’ tliat 
'■asodilator fibers exist in the skin of the extremi- 
- tics comes mainly from 4 groups of investigators. 
Lewis and Pickering (4) performed experiments 
in which normal subjects and s}mpathectomized 
patients with Raynaud’s disease were studied. 
They showed that in an indiwdual who had under- 
gone a dorsal sympathectomy, the temperature of 
the fingers of the intact hand rose to higher levels 
after indirect \-asodilatation than did tliose of the 
s} mpathcctomizcd side. Tliey concluded from this 
that it was the presence of \’asodilator fibers on the 
undisturbed .side that was responsible for the 
higher level of skin temperature attained. ILx- 


periments were also done in which an tdnar nerve 
block was performed on a patient with Raynaud’s 
disease while the patient was in a cold room. In- 
direct vasodilatation was then induced, and it was 
observed that the skin temperature of the anes- 
thetized area did not rise while that of other areas 
did rise. Similar observations were made on both 
the lower and upper extremities (1, 2). 

Grant and Holling (3) subjected patients to 
body heating and studied its effect on blood flow 
in the forearm. They concluded that the increase 
in flow depended upon the integrity of the sympa- 
thetic nerv'es and that vasodilatation was brought 
about both by inhibition of vasoconstrictor tone 
and by active vasodilator impulses. In their ol)- 
servations, a forearm was flushed and warmed di- 
rectly and then kept so by indirect heating. Local 
nerv’e block then caused the anesthetized area to 
pale, cool, and cease sweating. However, as 
pointed out by Warren, et al (6), the authors are 
unable to account for the difference behveen the 
effect of sympathectomy which increases forearm 
flow and the effect of local nerve block which, they 
concluded, under certain conditions, diminishes it. 
It should also be added that these investigators 
added epinephrine to the procaine with which the 
local nerve blocks were performed. Similar ex- 
periments were performed by Doupe ct al (11). 

Warren ct al (6) also point out that when body 
heating produces indirect vasodilatation which is 
greater in the intact than in the sympathectomized 
e.xtremity, this cannot be used as evidence for the 
presence of vasodilator fibers, for it has been re- 
peatedly demonstrated that the peripheral vascular 
bed of a sympathectomized extremity acquires an 
appreciable tone and that this tone is not affected 
by efforts at homeostasis mediated through the 
central ner^'ous system. We have in fact obscr\-cd 
several indiriduals in whom a unilateral sympa- 
thectomy had been performed and in whom a 
“paradoxical response” was obsen-ed, that is, 
when indirect \-asodiIatation was induced, the tem- 
perature of the sympathectomized c.xtremity fell 
several dt^rees while that of the intact side re- 
sponded in the usual fashion. This p'lcnomcr.on. 
produced experimentally, is accompanied by a 
slight lowering of the arterial pressure. 

Warren cl cl (6) have demon.'^trated th.it com- 
plete procainization of the sympathetic supply to 
the upper extremity causes an increase in blc'S-'! 
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flow that is equivalent to the maximal increase 
produced by immersing the hand in water at 43° 
C. plus indirect heating. The authors concluded 
that these data make it unnecessary to assume the 
presence of active vasodilator fibers to the skin. 

In the various investigations which purport to 
demonstrate the functional activity of vasodilator 
fibers, the lack of a rise in skin temperature fol- 
lowing local or paravertebral block plus indirect 
heating was construed as being due to a lack of 
vasodilator activity in the anesthetized area. 
These experiments were made on patients suf- 
fering from vasospastic disease. Yet we know 
that where diminished peripheral flow is due to 
arteriolar constriction alone, block of the nerve 
supply to that area is followed by a local rise in 
skin temperature. 

In this connection it is profitable to examine 
the chart of patient number 7 (Figure 3). At 
point 1, the arms were placed in warm water and 
the skin temperature on the dorsum of the right 
foot rose while that of the left third toe did not. 
Had a procaine block of the left third toe been 
performed prior to 1, this curve would resemble 
that type of chart upon which the main body of 
evidence in favor of vasodilator fibers in the hu- 
man skin is founded. That the block was not 
performed indicates that other factors may con- 
tribute to this type of result. Support is given 
this view by the fact that this result has not been 
obtained in the normal human, but only in tlie 
patient witli well established peripheral vascular 
disease. It is of additional interest to note that 8 
days after a left lumbar sympathectomy, the skin 
temperature of the left tliird toe was 30.4 C. after 
the patient had been exposed for 1 hour in the cold 
room. 

It cannot be denied that, prior to the block, when 
the skin temperature is high due to indirect heat- 
ing, there may remain a certain amount of vaso- 
constrictor plus vasodilator tone, if such exists. 
In this case, the release of the residual vasocon- 
strictor tone may overbalance the release of vaso- 
dilatpr tone resulting in a net rise in skin tem- 
perature. .It is for this reason that we have not 
found it possible to devise a conclusive experi- • 
ment which would demonstrate that vasodilator 
fibers to the human skin do not exist. It was be- 
lieved, however, tliat the above experiments do 


strongly, suggest 2 facts : first, that previous inves- 
tigations have not established the functional activ- 
ity of vasodilator fibers in the hand or foot; sec- 
ond, that, if they do exist, their functional signifi- 
cance is very limited. 

It is not the purpose of this report to consider 
the controversy as to whether or not active vaso- 
dilator impulses travel in posterior root fibers. 
After careful study, Westbrook and Tower (2) 
concluded, “The concept that nerve fibers emerge 
from the spinal cord into the posterior roots in 
adult mammals including man is without founda- 
tion in anatomical fact or physiological necessity 
and therefore may be dispensed with.” Whether 
this point of view becomes generally recognized 
as correct is not important to the issue involved 
in this study. The nerve blocks performed in 
these experiments were either subarachnoid or 
peripheral somatic and therefore should block all 
impulses going to tbe area under examination 
whether they travel via the somatic or autonomic 
pathways. 

Additional evidence indicating that active vaso- 
dilator fibers traveling in somatic nen’es are of 
little or no importance in elevating the skin tem- 
perature consequent to indirect vasodilatation may 
be seen in Figure 1. The right lumbar sympathec- 
tomy had interrupted the sympathetic pathways 
supplying this patient’s right lower limb. The 
absence of any reflex change in that extremity is 
evidence that the remaining nerves supplying that 
extremity were inactive in this regard. The same 
considerations apply to experiments 1, 3, and 6. 
Curves of this t 3 '^pe are commonl)'- seen in the lit- 
erature on peripheral vascular disease (2, 4, 5). 
Further evidence supporting this view may be 
found in the work of Dole and Morison (13). 

These considerations have clinical as well as 
physiological implications. Crimson, in a recent, 
extensive review on the limitations of sympathec- 
tomy as a therapeutic procedure (7), cites the 
possibility that the removal of vasodilator fibers 
may account for the lack of benefit in some in- 
stances. We believe that in the normal human, 
as well as in the patient with well established Ray- 
naud’s or Buerger’s disease, vasodilator fibers are 
of only slight significance at most. This factor, 
therefore, should not be allowed to enter into the 
consideration of whether sympathectomy should 
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be performed in any given case, insofar as'tbe cif-- 
culation to the skin of the hands and' feet-'-'is’ 
concerned. . - - 

SUMMARY 

Experiments have been performed to test the 
theory which holds that vasodilatation in human 
skin in response to the heating of the indifferent 
extremities is due in part to vasodilator impulses. 
It was found that at the height of the elevation 
of skin temperature due to reflex vasodilatation, 
block of the nerve supply to that area did not cause 
a fall in skin temperature. In most cases an ele- 
vation occurred. These observations were made 
upon patients with a normal peripheral vascular 
bed as well as in patients with Raynaud’s and 
Buerger’s disease. 

It may be concluded that if active vasodilator 
fibers exist in the skin of the digits their func- 
tional significance is very limited. The indirect 
vasodilatation produced by heating the indifferent 
extremities is, therefore, due to the central inhibi- 
tion of vasoconstrictor impulses. Evidence was 
cited to indicate that these considerations apply to 
both somatic and autonomic pathways. 
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Numerous observations of the effects of pres- 
sure breathing on the arterial blood pressure of 
anesthetized animals are available in the literature 
(1-7). In all cases an increase in the pulmonar}' 
pressure results in a fall of the arterial pressure 
(mean pressure as measured on a mercury ma- 
nometer), with an occasional secondary compensa- 
tory rise. 

With negative pulmonary pressures tlie effects 
are less regular, according to Schaefer and Bain 
(2), but usually the arterial pressure rises (7). 
Bruns (8) showed an increased stroke volume in 
a plethysmographic record of a rabbit heart during 
negative pressure breathing and Boger, Cobet, and 
Stepp (9) found an increased cardiac output of 
15 to 162 per cent, and an increased oxygen con- 
sumption (37 per cent) with a negative pulmonary 
pressure of 5 cm. H 2 O in a rabbit. Since these 
experiments were done on anesthetized animals it 
is difficult to apply them directly to the human 
problem. 

Most measurements previously made on men 
are confined to brief periods of increased positive 
pressure such as may be obtained by the Valsalva 
experiments (5, 6, 10-14). It has been generally 
found that with such an increase of intrapulmonary 
pressure the systemic arterial pressure rises briefly 
and then falls. This is followed by a secondary 
rise above the initial level. The secondary rise 
does not occur if the intrapulmonary pressure is 
too high. The heart rate usually accelerates. Ac- 
cording to Burger (13), only 3 out of 145 cases 

1 This work was done under contract recommended by 
the Committee on Medical Research between the Office 
of Scientific Research and Development and the University 
of Rochester. The data included in this paper were ob- 
tained by the cooperative effort of a large group including 
Doctors Hermann Rahn, L. H. Chadwick, Arthur B. Otis, 
Lorin J. Mullins, R. E. Gosselin, and others who kindly 
served as subjects. Some of the other data from the same 
experiment have been published elsewhere (Rahn, Otis, 
ct at, 1946 and Otis, Rahn, ct al, 1946). 


showed a slowing of the heart. Barach ct al (15) 
recently reported a series of experiments on men 
breathing air at a constant pressure of 20 cm. H^O 
in which he found a rise in arterial blood pressure 
equal approximately to the applied pulmonary 
pressure. 

The effects of negative pressures in man were 
studied by Kuhn (16, 17) who used a mask 
(Saugmaske) with a restricted inlet orifice and a 
large outlet. Because of the increased amount of 
blood in the lungs this was regarded as a useful 
type of therapy for tuberculosis. Evidence was 
also offered however to show that the volume of 
the pulse was increased. Later, Bruns (8, 18) 
concluded, mostly on the basis of similar evidence, 
that negative pulmonary pressure increases the 
cardiac output. He recommended negative pres- 
sure breathing for patients with poor venous re- 
turn and certain types of heart disease. Subse- 
quent investigators have paid little attention to 
this subject and the treatment has not been further 
investigated possibly because of the danger of di- 
lating the heart or rupturing a vein in the thorax. 
One such case of dilated heart was recorded by 
Stigler (19) as a result of negative pressure 
breathing (man under water breathing surface air 
through a tube). The evidence concerning the 
physiological effects of this procedure in man is 
still fragmentary. 

The experiments reported below were designed 
primarily to elucidate the problems of positive pres- 
sure breathing of possible military importance, but 
for the sake of completeness they were extended to 
cover negative pressures as well. The respiratory 
effects of these same procedures on our subjects 
were studied simultaneously and the results have 
been reported elsewhere (20). 

METHODS 

For the animal experiments, cats were anesthetized with 
dial. Mean arterial pressures were obtained by a carotid 
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artery cannula connected to a recording mercury manom- 
eter. Simultaneous right auricular pressures were re- 
corded by means of a sound inserted to the level of the 
heart through the jugular vein, activating a recording tam- 
bour. Peripheral venous pressures were measured on a 
saline manometer connected to a femoral vein cannula. 
The tracheal cannula was attached to a very short sidearm 
on a large rubber hose. One end of the hose was con- 
nected to a compressed air line for positive pressures or 
to a vacuum pump for negative pressure. In either tech- 
nique air was passed through the hose rapidly enough to 
avoid rebreathing. Pressures were regulated by a pinch 
clamp on the end of the hose opposite to the pump. In- 
tratracheal pressures were measured on a water manom- 
eter connected to a sidearm in the cannula. This system 
permitted the pulmonary pressure to be set at any value 
up to 40 cm. H,0, positive or negative, and the variation 
in pressure during the respiratory cycle was not over 
± 3 cm. H,0. The animal board was constructed so that 
the animal could be tilted either head or feet down (45 
degrees) without altering the position of the heart rela- 
tive to the recording instruments. 

In the experiments on humans, systolic and diastolic 
pressures were read partly by the usual auscultatory 
method but more often by the use of the Tycos recording 
sphygmomanometer. Heart rates were counted from the 
carotid pulse over a 30-second interval. Measurements 
were made, with the subjects in the supme and in the sit- 
ting positions. In the lying position, the subjects were 
in a Drinker respirator and the equivalent of a positive 
pulmonary pressure was obtained by a continuous nega- 
tive pressure in the respirator. For *e sitting position we 
used a “body box” with the head protruding through a 
rubber collar in the top, or a helmet with the bottom closed 
by a similar collar. When the subject w'as in the body 
box or the Drinker respirator the blood pressure in the 
arm was recorded outside the box. In this case the pres- 
sure as read was the pressure in relation to the puImonar>' 
or atmospheric pressure as zero, not the pressure as re- 
lated to that surrounding the arm. For the sake of uni- 
formity, therefore, we added the differential pulmonarj- 
pressure to our readings. In the charts all the pressures 
are those which would be read in the arm in the usual 
"■ay if the positive pressure had been applied to the head 
orily by means of a helmet The usual procedure was to 
increase or decrease tlie pulmonary pressure in steps 
of 8 mm. Hg, holding the pressure at each stage for from 
5 to 8 minutes. 

RESULTS 

(1) Cat cxpcrimculs. The data of 4 cat expcri- 
htents are given in Figure 1. Abscissae represent 
the applied intrapulmonarv- pressure in mm. Hg; 
^nd the ordinates, the change in mean arterial 
pressure. Eaclt determination with negative pres- 
sures was made over an intcnml of from 1 to 5 
ttunutes. The determinations with positive pres- 
sures are open to question since each application 



A PULMONARY PRESSURE t" M-Hy 

Fig. 1. The Change in the Mean Arterial Pres- 
sure OF THE Cat When the Intrapulmonary Pres- 
sure Is Altered 

Ordinates; The change in mean arterial pressure in 
millimeters of mercury. 

Abscissae : The change in intrapulmonary pressure in 
millimeters of mercury. 

Meaning of symbols : Open circles : Cat in head-down 
position. Half dosed cirdes : Cat in feet-dot\-n position. 
Solid cirdes : Cat in horizontal position. 

was brief due to threatened respirator}- embarrass- 
ment and adequate time was probabl}- not allowed 
for the compensator}- rise found by others (2). 
With one exception negative pressures gave a rise 
in arterial pressure. With positive pressures, 
there is a tendenc}- for the feet-up position to pro- 
tect against a fall in arterial pressure and for the 
feet-dow-n position to render the animal more sus- 
ceptible to this effect. If true, this is presurnably 
due to the effect of these positions on the venous 
return. The effect of negative pressures appears 
to be independent of the ixisition of tiic animal. 
During the course of an experiment li-.crc was a 
slow but steady decline in arterial pressure. Ti 
was observ-cd that negative pressures produced a 
greater rise in blood pressure if t!-.e arLcria! pue?- 
sure%vas initially low, in general tending to re- tr.re 
the arterial pressure to r.orm.al. Sl-.ortly l>c->re 
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Figs. 2 through 5. The changes in systolic blood pressure in nim. Hg, diastolic blood pressure in mm. Hg, the 
pulse pressure in mm. Hg, and heart rate in beats per minute for one subject in the sitting position in response to 
changes in intrapulmonary pressures. Abscissae : The change in intrapulmonary pressure in mm. Hg. 


death, however, negative pressure failed to alter 
the arterial pressure. 

Our venous pressure data in the cat will not be 
presented in detail because they confirm, in gen- 
eral, those of Holt (21) . In both cases the auricu- 
lar pressure falls by an amount equal to the de- 
crease in pulmonary pressure.- With increased 
pulmonary pressures in the dog. Holt found a rise 
in auricular pressure almost equal to the rise in 
applied pressure, but in our experiments on cats 
the rise was only about % that of the pulmonary 

= This equality of pressures appears to indicate that the 
lung is more distensible when' the volume and pressure 
are low than in the normal breathing range. 


pressure. Holt (22) and Otis et al (23) in their 
studies on man report a 50 per cent rise. The fail- 
ure to obtain a greater rise has been explained by 
the absorption of part of the applied pulmonary 
pressure by the elasticity of lung tissue. 

(2) Experiments on man. Typical results on 
one individual, P. B., in the sitting position are 
shown in Figures 2 through 5. The changes in 
systolic pressure are plotted against the changes 
in the pulmonary pressure. It is evident that the 
systolic pressure rose with positive and fell with 
negative pulmonary pressures. A change in the 
blood pressure equal to the change in the pulmo- 
nary pressure is indicated by the straight diagonal 
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lines passing through the origin. Since all (but 
one) of the points are below this line during posi- 
tive pressure breathing it is evident that the sys- 
tolic pressure does not follow completely the 
change in pulmonary pressure. However, the 
intrathoracic pressure does not rise quite so much 
as the pulmonary pressure because of the elasticity 
of the lungs ; so it is probable that in'this case the 


X 



A PULMONARY PRESSURE in Mn. H5. 

FIG. 6 


systolic pressure is closely following the intra- 
tlioracic pressure. The changes in the heart rate 
of P. B. (Figure 4) were variable. On some days 
it increased and on other da}-s it decreased under 
apparently comparable conditions. Similar \aria- 
tions were occasionally obser\'ed in otlier subjects. 

In Figures 6 and 7 are shown curves for systolic 
pressures in other indmduals in the sitting and the 
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supine positions respectively. The numbers on the 
curves refer to the numbers of the subjects. Dif- 
ferent subjects were used however for the two 
series so that similar numbers in the two series 
do not refer to the same subjects. All the subjects 
were members of the staff or medical students, and 
all were in normal health. The corresponding 
diastolic pressures in these same experiments arc 
shown in Figures 8 and 9. The numbers of the 
subjects in Figures 6 and 8 correspond, as do 
those in Figures 7 and 9. The general result ob- 
tained in all these experiments is very evident. 
Positive pressures increase and negative pressures 
decrease botli S3'StoIic and diastolic pressures. An 
occasional exception occurs. 



A PULMONARY PRESSURE in Mm. Hj. 

FIG. 10 


The curves in Figures 6 to 9 were drawn to give 
a reasonable fit to the scatter of points obtained 
with each individual as indicated for P. B. in Fig- 
ures 2 to 5. To avoid confusion the individual 
points arc not given. Details of the curves often 
represent only single points and arc of no signifi- 
cance. At the highest pressures of 28 mm. Hg 
the systolic pressures seem unduly high in many 
cases. We did not usually leave the subjects ver}' 
long at this pressure and the high reading may be 
only an initial effect due to the excitement. When 
the pulmonary pressure reaches a point where the 
venous filling pressure is no longer able to com- 
pensate, the arterial pressure would of course be 
low. In subject No. 3 in the sitting position (Fig- 



A PULMONARY PRESSURE in Mm. Hj. 
FIG. II 




A PULMONARY PRESSURE in Mm. Hj. 


FIG. 12 FIG. 13 

Figs 10 through 13. The change in heart rate and pulse pressure in response to a change in applied pulmonary 
pressure Figures 10 and 12 are for the supine position; Figures 11 and 13 are for the sitting position. Ordinates: 
Figures 10 and 11, the change in heart rate in beats per minute. Figures 12 and 13, the change in pulse pressure in 
mm. Hg. Abscissae; The change in applied pulmonary pressure in mm. Hg. Each curve is for a single subject 
identified by the number on the graph. 
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ures 7 and 9) we actually found an arterial pres- 
sure too low to give any readable deflection in the 
record. This occurred just before the subject had 
to be relieved of the pressure because of a threat- 
ened collapse. It was generally observed that the 
subject’s blood pressure reached an equilibrium 
for a given pulmonarj" pressure within 1 minute 
after its application. It was also noted that in 
those subjects who nearly collapsed the blood pres- 
sure was maintained at its normal level until a 
minute or two before the onset of severe distress 
A comparison of Figures 6 and 7 shows that 
with positive pressures the systolic blood pressure 
rises to a higher level in the sitting than in the 
supine position for an equal increment of pulmo- 
nary pressure. However, the average diastolic 
pressures for both positions follow roughly the 
intrathoracic pressure although the variation is 
large. This results in a decrease in the average 
pulse pressure in the supine position hut no change 
in the sitting position. The various explanations 
suggested for these facts may be omitted here as 
purely speculative. 

Changes in heart rate in the sitting and the 
supine positions are shown in Figures 10 and 11 
respectively. The numbers represent subjects as 
before. Numbers in Figures 10 and 12 correspond 
to those in Figures 6 and 8. In these figures the 
graphs are drawn through the actual points or the 
average points (where 2 or more observations 
were available). Such average points are indi- 
cated by dots on the cur\’es. Detailed variations 
are of no significance, but it may be noted that, in 
the sitting position especially, there is a rather pro- 
nounced tendency in some subjects toward a de- 
creased heart rate at the higher pressures. When 
the subject became alarmed at these high pressures 
or was about to collapse the rate might have gone 
high. (Sec curves for subject No. 3 in Figure 11.) 
Low heart rates have usually been attributed to 
increased intracerebral pressure and the absence of 
an acceleration due to excitement and effort or to 
a less sensitive carotid sinus whicli would not re- 
spond to a decreased pulse pressure. The inci- 
dence of low heart rates with increased pressure 
is much higher in our series than that reported by 
Burger (13). Most individuals gave the same 
characteristic rcsp>onsc on successive days, cither 
a nsc or a fall, but some gave an increase one dav 
and decrease the next withovjt apjvircnt cau'c. 


In the sitting position, at least, there is no con- 
sistent change in pulse pressure as can be seen 
from the average cur\^es for 8 subjects shovTi in 
Figure 13. In the supine position however there 
appears to be a slight decrease of 10 or 15 per cent 
at the extreme pressure of 30 mm. Hg (Figure 
12) . This is consistent with the obser%’ation of a 
slightly decreased cardiac output (24). 

DISCUSSION 

Since our results with human subjects show 
that the arterial pressure follows approximately 
the intrapleural pressure (whether positive or 
negative) it may be argued either (1) that the 
explanation is purely mechanical, i.c. the arterial 
pressure is higher simply because the initial pres- 
sure in the ventricle was higher before systole be- 
gan, or (2) that the blood pressure level is regu- 
lated reflexly by afferents arising from structures 
such as those around the aorta, which are exposed 
to the variations in intrapleural pressure. Such 
structures would respond in such a way as to 
maintain a constant difference between arterial and 
intrapleural pressure. Central structures within 
the brain itself would presumably behave in the 
same way since the pressure of the cerebrospinal 
fluid varies closely with the intrapleural pressure 
(Hamilton, Woodbury and Harper, 25). In our 
experiments with either helmet or body bo.x tlie 
carotid sinus was exposed exteriorly to a pressure 
equal to the pulmonary pressure. If this organ 
were solely responsible for the regulation of the 
level of the arterial pressure, it would have kept 
the level of the blood pressure constant relative 
to the pulmonarj- pressure. Actually, the blood 
pressure is more nearly constant relative to intra- 
thoracic pressure which increases somewhat more 
than half as much as the pulmonary pressure. 
Furthermore, Barach ct al (IS) have shown that 
when pressure is applied by mask, the arterial 
pressure remains constant relative to the pnlmo- 
narj- pressure. With their tccimiquc. the carotid 
sinus is not affected by the applied pislmonaty 
pressure but is exposed through the sV:in to at- 
mospheric pressure at all times. Its j)rcs'.:n’.cd ef- 
fect would therefore l)e to control the ancrinl pres- 
sure at a level which is constant relative to atny.'- 
pheric pressure. Since, in. Ixith. technique', the 
e.xpectcd carotid sinus effect is apparently ah’ ent. 
it may be concluded that th.e carotid si:;u-. :• i:.- 
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scDsitivc to R rise in arterial pressure of at least 15 
mm. Hg or to a fall of at least 10 mm. Hg, or 
that it is dominated by other receptors. 

The ability of an individual to maintain pulmo- 
nary pressure has been used as a test of right ven- 
tricular fituess (6, 10, 11, 13, 26) on the theory 
that pressure increases the resistance of the pulmo- 
nary circuit. This is borne out by the work of 
Heinbecker (27) who j^cr fused lungs in an artifi- 
cial thorax. When they were inflated by negative 
pressure in the thorax, the flow increased but 
when they were inflated by positive intrapuhno- 
nary pressure the flow was decreased. No heart 
was included in this circuit so that inflow and out- 
flow pressures were constant, and the result can 
clearl}- be attributed to the enlargement or diminu- 
tion in the size of the vessels due to the respective 
increase or decrease in mean pressure surrounding 
them. When the heart is included in the circuit 
the situation is more complex because the heart is 
also exposed to the intrathoracic pressure. The 
immediate effect of pressure changes on the flow 
depends upon the capacity of the lungs (28, 29) 
which varies greatly with pressure, but in general 
the decrease in pulmonary resistance with negative 
pressure inflation is confirmed (30). In these ex- 
periments, however, the venous pressure remained 
constant while in the body this is not the case and 
the flow through the pulmonary circuit depends 
more upon the filling of the heart than upon the 
pulmonary resistance. This is especially true 
when the intrapulmonary pressure is maintained 
higher or lower than normal more or less indefi- 
nitely so that the capacity of the lung vessels can 
reach a steady state value. 

The filling of the heart depends of course upon 
the venous pressure which in man appears to fol- 
low the intrapleural pressure with remarkable 
promptness and fidelity (23). With positive 
pressure the venous return is therefore well main- 
tained although there is evidence of a slight 
decrease in cardiac output (15, 24). This is indi- 
cated indirectly also' by the rise of arterial pres- 
sure in man with increased intrapulmonary pres- 
sure. In the anesthetized cats, however, where the 
arterial pressure fell, the inflow into the heart 
must have diminished as it does in anesthetized 
dogs (31). Conversely in the cats a rise of arte- 
rial pressure was observed with negative pressure 
breathing indicating that the venous return was 


improved. In man the absence of such an in- 
crease in arterial pressure suggests that the normal 
venous pressure was adequate to fill the heart to 
its limit so that further increases of the pressure 
gradient had no further effect. The fall in arterial 
iwessure which we have observed in man with 
negative pulmonary pressures lends no support to 
the idea that this procedure increases cardiac out- 
put and would therefore be beneficial, but it does 
not contradict this possibility. Since we have 
observed a diminished pulse volume during posi- 
tive pressure breathing it seems probable tliat an 
increase in pulse volume occurs in negative pres- 
sure breathing as has previously been reported 
(17, 8, 32). Bogcr ct al (9) found the heart rate 
decreased in anesthetized rabbits but Bruns (18) 
found it mostly increased in man. It is possible, 
therefore, that with negative pressure breathing 
there is a slight increase in the cardiac output just 
as, with positive pressure, there is, if anything, a 
slight decrease (15, 24). Such an increase would 
be particularly likely to occur in any condition in 
which the venous return was initially defective. 
Further work on the effects of negative pulmonary 
pressures is needed to verify this interpretation 
of our results. 

SUMMARY 

1. The response of the systolic and diastolic 
pressures and heart rate of man, and of the mean 
arterial, right auricular, and femoral venous pres- 
sures of the anesthetized cat, to increased and de- 
creased intrapulmonary pressure was studied. 
Body position was also varied. 

2. In the cat, mean arterial pressures rise in 
response to a decreased pulmonary pressure, inde- 
pendently of the position of the animal. With in- 
creased pulmonary pressure only the primary fall 
of arterial pressure was studied, a.nd this was 
much less in the head down than in the feet down 
position. Holt’s (21) venous pressure observa- 
tions were confirmed. 

3. In man, in both supine and sitting positions, 
increased intrapulmonary pressure gave an in- 
crease in both systolic and diastolic pressures, 
and decreased intrapulmonary pressure gave a fall 
in both. 

4. Pulse pressures in many were variable (zfc 10 
mm. Hg) and tended to give a consistent decrease 
only with positive intrapulmonary pressure in the 
supine position. 
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5. Heart rates were variable (dr 10 beats per 
minute) . 

6. If increased intrapulmonarj' pressure pro- 
duced circulatory failure, arterial pressures and 
heart rates were maintained until within a minute 
or two. of the onset of severe symptoms. 

7. The effect of pressure breathing on blood 
pressure regulatory receptors is discussed. 
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Indirect evidence, based upon measurements of 
skin temperature and observations of skin color 
in the feet and cars of rabbits subjected to severe 
cold injury, indicates that complete arrest of blood 
flow does not occur until more than 50 hours after 
injury (1). Tests of the local circulation in cold- 
injured regions with intravenously injected fluo- 
rescein show that the exchange of this dye be- 
tween blood and interstitial fluid is impaired dur- 
ing the interval when the minute volume blood 
flow is greater than that in comparable uninjured 
regions (2, 3). Early arrest of blood flow in 
regions injured by cold has been variously ascribed 
to “conglutination” of red-cells (4), to capillary 
stasis (5), and to intravascular clotting (2). 
While all of the above phenomena may be ob- 
served in frostbitten tissues, none has provided an 
explanation of the nature of local changes in blood 
flow adequate to account for the maintenance of 
high peripheral tissue temperature at a time fol- 
lowing cold injury when exchanges of oxygen, 
nutrients, and metabolites appear to be impaired. 

This report presents the results of microscopic 
study of blood flow in the small vessels of the 
ears of rabbits during the first hour after freezing. 
Blood flow was also studied in the ears of animals 
which were treated by rapid thawing of the ear 
in warm water and by procaine block of the stellate 
ganglion on the injured side. 

METHODS 

Cold injury was produced by immersing the distal 
one-half to one-third of the ear for 60 seconds in a mix- 
ture of water, ethylene glycol, and alcohol cooled to — 55° 
C. with solid carbon dioxide. Details of this method for 
the. production of controlled cold injury and the character- 
istic effects on the tissues are given elsewhere (6). 


1 The work described in this paper was done under a 
contract, recommended by the Committee on Medical 
Research, between the Office of Scientihe Research and 
Development and Stanford University. 


Both normal and frostbitten cars of a uniform strain of 
New Zealand wliitc rabbits were observed through a 
binocular dissecting microscope having 9X oculars and 
4.8X objectives. Tlic liglit sources was a 100-watt Spencer 
microscope lamp from which the light was conducted to 
the car by means of a polished rod of ’74-inch methyl 
methacrylate (Lucitc) 2 feet long. The rod was tapered 
to a cone having a rounded tip 7 mm. in diameter. The 
distal 8 inches of rod were bent into a curve which pre- 
sented the brilliantly illuminated tip at a right angle to 
the original path of light. With the rod in an adjustable 
clamp, its flattened end in contact with the blue glass of the 
microscope lamp, the car was placed under the objectives 
of the microscope in direct contact with the methaerjdate 
rod. Liquid petrolatum was applied to the shaved ear in 
order to clear the keratinized epithelium. Photographic 
recording of the changes observed proved to be un- 
satisfactory because of the thickness of tissue and the 
changing optical plane. 

OBSERVATIONS 

Blood flozv in the capillaries of the normal ear. 
Movement of blood could not be seen in the larger 
vessels. In the smaller arterioles and venules, 
rapid flow was easily made out. Numerous chan- 
nels affording relatively direct communication be- 
tween arterioles and venules were seen. These 
channels were usually of smaller diameter than 
either their supplying arterioles or the receiving 
venules, and many of them were small enough to 
force the corpuscles to traverse them in single file. 
Reversal of flow was not observed in these vessels, 
and the flow was uniformly rapid. The relatively 
few true capillaries which were open at any one 
time could be identified as richly anastomosing 
branches containing corpuscles either singly or in 
small clumps interrupted by clear areas. Often 
the location of true capillaries could be identified 
only when an occasional corpuscle was seen to 
wander off through an area apparently free of ves- 
sels and then finally to enter a collecting capillary 
and venule. 

Hyperemia induced by the application of heat 
caused opening of vessels of all types, and many 
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regions, which had been entirely free of visible 
channels, were seen to be richly supplied with 
capillaries. 

Blood flo-M in the capillaries of the ear after 
frostbite. Obserr'ations of blood flow were made 
on the normal and the frostbitten regions of ears 
of 15 rabbits. The changes which were observed 
in the local circulation were consistently repro- 
ducible in terms of their time relations and nature. 
The following description applies to the sequence 
of changes observed in the blood flow within the 
frostbitten area after the distal half of the ear had 
been immersed in the freezing mixture at — 55° C. 
for 1 minute and then allowed to thaw in air at 
room temperature without additional treatment. 
Blood flow began in the largest channels of the 
frostbitten portion of the ear within 3 minutes 
and before the ear was completely thawed. Flow 
in those channels was rapid and at that early stage 
only a limited number of capillaries in the imme- 
diate vicinity of large vessels became filled with 
blood. At the completion of thawing, the ears be- 
came markedly hyperemic. Progressive opening 
of capillaries was observed, and brisk blood flow 
could be detected for a few minutes after the capil- 
laries became visible, but over a period of about 
10 minutes slowing and final cessation of flow oc- 
curred. The capillaries contained packed red 
blood cells interrupted by clear regions along the 
length of the vessel. Within the inters'al, 10 to 
20 minutes after frostbite, these vessels became 
completely filled •with cells, their course was 
grossly distorted, and the walls were roughened 
and irregular. 

The period of onset of stasis was accompanied 
by increasing edema. A homogeneous brownish 
substance began to accumulate in the areas adja- 
cent to the capillaries and was found in largest 
amounts near the larger blood vessels in which 
flow persisted longest. Although no actual move- 
ment of blood could be observed, sluggish flow 
could be demonstrated by observing the refilling 
of vessels after they had been emptied of blood by 
pressure upon an overhing coverglass. Sudi per- 
sistence of flow was demonstrated in tlic larger 
arterioles and venules and also in some small, rela- 
tively straight vessels. The latter were bright 
pmk in color and had smooth walls ; their diameter 
was slightly smaller than th.at of the distended 
capillaries wh.ich contained packed red cells. 


Vessels in the area proximal to the frostbitten 
region were widely dilated for tlie first 20 to 50 
minutes after thawing. Usually within 2 hours 
these vessels became markedly reduced in diame- 
ter. The central artery and its branches were 
more noticeably affected than the veins, and there 
appeared to be a region of especially marked nar- 
rowing of the artery at the junction of the normal 
with the injured area. At the same time it was 
noticed that the large vessels within the frostbitten 
part of the ear remained widely dilated. 

Study of the circulation after frostbite %oith the 
aid of intravenous injections of India ink. Intra- 
venous injections of particulate carbon in the form 
of India ink were used to assist in the visualization 
of blood vessels in both normal and frostbitten 
ears. The ink was administered in doses of 5 ml. 
of 50 per cent India ink in saline both immediately 
before frostbite and at various intervals from 2.5 
minutes to 49 minutes after the ear was removed 
from the freezing mixture. The circulation in the 
ears of 10 animals was observed after the injec- 
tion of carbon. 

By the selection of the appropriate time interval 
for the injection of carbon in relation to the time 
of frostbite it was possible to demonstrate the fol- 
lowing: (c) carbon particles present in the cir- 
culating blood either just before frostbite or 
w'ithin 6 minutes afterward entered the capil- 
laries of the frostbitten region; (fc) varying 
amounts of carbon became trapped in the capil- 
laries of both the normal and the frostbitten parts 
of the ear; (c) carbon trapped in capillaries of 
the normal part of tiie ear was removed by the 
increased blood flow when hyperemia was induced 
by heat, but particles caught in the dilated capil- 
laries of the frostbitten region during the period 
of stasis could not be removed by this means; (d) 
up to 6 minutes after frostbite, more carbon was 
trapped in the capillaries of the frostbitten region 
when carbon injections were made late in this 
6-minutc interval than after pre-frostbite injection 
or veiy- early post-frostbite injection of ink; (r) 
when the injection of ink was delayed as long a* 
20 minutes after frostbite, only occasional particle' 
of carbon could be seen in the vessels cf tl-.e fro't- 
bitten region, — when these did appear, they were 
seen only in the relatively large channels and n'st 
in the true capillaries. 
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and trapping of carbon particles could occur was 
brief and was terminated by stasis. The cliannels 
which did remain open contained flowing blood, 
were relatively large in diameter, and hence prob- 
ably permitted any carbon which entered them to 
be carried on through. 

The junction of the normal part of the car with 
the frostbitten region exhibited some difTcrcnccs 
from both regions distal and proximal to it. When 
India ink was injected after stasis had become 
complete in the true capillaries, i.e., more than 20 
minutes after frostbite, carbon accumulated and 
became trapped at the junction when none or 
very little could be found in either the frostbitten 
region or the normal part of the ear. This obser- 
vation suggests that the stasis which occurred here 
was relatively late in appearing, since it was not 
sufflciently advanced to prevent the entrance of 
carbon particles but later did progress to the point 
where large amounts of ink were trapped. 

While no positive explanation of the above ob- 
servation is justified on the basis of our present 
information, it is suggested that the tissues of the 
junction may have been less severely injured by 
reason of their failure to reach temperatures as low 
as those in the more distal portion of the ear. 
Since swelling progressed from the injured region 
toward the base of the ear, distortion and occlusion 
of capillaries may account for late appearance of 
stasis in the region of the junction even though 
the direct injury by cold was not severe enough 
alone to induce stasis. 

Local blood flow in frostbitten ears after rapid 
thawing in warm water. Frostbite produced in 
the ears of rabbits by immersing the part in the 
freezing mixture at - 55° C. for 1 minute re- 
sulted invariably in the development of gangrene 
and the ultimate loss of all of the ear up to the 
line of immersion, if the ears were allowed to 
thaw (in air at 25° C.) without treatment. In 
confirmation of the work of Ariev (7), we have 
found that the same exposure to cold followed by 
immediate warming of the ear in water at + 42° C. 
for 2 minutes prevents the development of gan- 
grene and loss of the injured tissue (8). In spite 
of the favorable end result of rapid thawing, the 
tissues underwent a series of changes which were 
grossly similar to the pregangrenous changes in 
the frozen, untreated ears. The stages of hyper- 
emia, swelling and later exudation of serous fluid 


from the surface of the injured part of the ears 
were, if anything, more marked than in the un- 
treated ears, but in spite of these alarming mani- 
festations, only the surface epithelium was lost. 

Observations were carried out in the manner- 
described previously, and injections of India ink 
were used to test for the appearance of stasis. 
The ears of 3 animals were studied after subjecting 
both cars to frostbite (1 minute at — 55° C.) and 
thawing one of them rapidly in warm water. The 
injcctiotis of ink were made at 20 to 25 minutes 
after frostbite and were thus administered during 
the period when capillary stasis is complete in 
similarly injured, untreated ears. 

Before the intravenous injection of carbon, the 
changes of blood flow observed in the rapidly 
warmed ear were not strikingly different from 
those in the contralateral, frostbitten but untreated 
ear. Refilling of vessels emptied by external pres- 
sure persisted longer in the treated ear and larger 
amounts of brown extravascular material ap- 
peared. When particulate carbon was introduced 
into the blood stream, it was seen to enter the 
treated ear more readily than the untreated one 
in 2 out of 3 rabbits studied. In the third, the 
amounts of carbon were about the same in both 
ears (not more than 3 to 4 particles per field). 
For 1 or 2 hours after the injection of ink, the 
particles were either observed to move spontane- 
ously in the vessels of the treated ear or could be 
made to move by mechanical manipulation. In 
one experiment, hyperemia was induced in the 
treated ear by infiltrating the tissues about the 
base of tlie ear with 1 per cent procaine 77 minutes 
after the injection of ink. The increased blood 
flow removed some of the carbon which previ- 
ously had been trapped. Hyperemia induced by 
this means or by warming was shown to be in- 
effective in removing trapped carbon from frost- 
bitten ears which had not been treated by rapid 
thawing. 

The observations showed that rapid thawing of 
frostbitten ears had the effect of delaying complete 
stasis in the true capillaries. When stasis did 
develop, it coincided in time with the period of 
maximal swelling (approximately 2 hours after 
injury) and with the reduced blood flow brought 
about by the constriction of arterial supply in the 
uninjured portion of the ear. Thus, when perfu- 
sion pressure within the capillaries was dimin- 
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ished, and distortion of the tissues by the presence 
of large amounts of extravascular fluid occurred, 
cessation of flow in the true capillaries was an 
accompanying feature. However, flow of blood in 
the true capillaries could be made to proceed by 
changing the pressure relationships within those 
vessels either by increasing the flow of blood 
through the injured tissue or by mechanical pres- 
sure applied externally and released. • 

The local circulation in jrostbiften ears follo 2 v- 
ing procaine block of the stellate ganglion. In 
order to determine whether the effects observed 
after rapid warming of frostbitten ears were the 
result of the changes in blood supply alone or 
whether some other effect of rapid warming was 
responsible for the delay of capillary stasis, 6 rab- 
bits were subjected to frostbite of the distal half 
of both ears in the same manner as those described 
in the previous sections, and as soon as possible 
after the ears w’ere removed from the freezing 
mixture, 1 to 2 ml. of 2 per cent procaine with 
epinephrine 1 : 30,000 were injected into the region 
of the stellate ganglion on one side. All of the 
animals in this group demonstrated satisfactory 
paralysis of the vasomotor supply of the ear as 
judged from the presence of the more readily 
palpable pulse in the central artery and skin tem- 
peratures 4° to 6° C. higher on the blocked side. 

When carbon was injected into the blood stream 
within 5 minutes after frostbite, large amounts of 
it were obser\’ed in the capillaries of the frost- 
bitten, untreated ear, but relatively little of it was 
found in the ear subjected to vasomotor paralysis. 
Stasis in the untreated ear resulted in the im- 
mobilization of large amounts of carbon, but in 
the capillaries of the ear on the side blocked by 
procaine, blood flow and movement of carbon par- 
ticles persisted for more than 2 hours. Two hours 
and 10 minutes after the injection of India ink 
some stasis was noted in capillaries close to the 
surface ; these vessels could not be emptied by ex- 
ternal pressure, but in spite of this late stasis there 
was no trapping of carbon except at the junction 
of normal and frostbitten and normal tissue. In 
this case failure of trapping may have been due 
to rcmoral of carbon from llie circulation before 
stasis developed. Wlien tlic injection of carbon 
w.as delayed 'until 22 minutes after frostbite, the 
usual exclusion of carbon panicles from the canil- 
laries of the injured but untrc.ated car was ob- 


served. In the ear -n-hich was treated by the pro- 
duction of vasomotor paralysis, the capillaries were 
seen to contain moving carbon particles, but within 
an additional 30 minutes stasis occurred vnth im- 
mobilization of carbon granules. In this animal 
the duration of increased blood flow was rather 
brief, and both ears were cool and about the same 
temperature by the time that stasis w^as observ^ed 
in the treated ear. The vessels did not refill after 
being emptied by external pressure. 

These observations indicate that the increased 
blood flow which followed stellate ganglion block 
was associated with a delay of stasis in the true 
capillaries of frostbitten ears. While stasis was 
not postponed for a period as long as that follow- 
ing rapid thawing of the ear in warm water, it was 
qualitatively similar. This suggests that at least 
a part of the improvement in capillarj' blood flow 
noted after rapid thawing may be the result of 
increased intravascular pressure. However, that 
rapid thawing produced other changes in the re- 
sponse of the tissues was evident from the differ- 
ence in final result : preservation of the frostbitten 
region after rapid thawing as compared with 
merely the delay for 24 hours of the wet and dr)' 
stages of gangrene and loss of the injured portions 
of the ear, which was the uniform experience after 
the use of procaine block. 

Lymph flow and the spread of colloidal dye in 
frostbitten skin. Glenn, Gilbert and Drinker (9) 
reported an augmented l)'mph flow for at least 2 
hours following severe hot water burns of the foot 
in dogs. Massive swelling was a constant feature 
of the response to injury in tlieir e.xpcriments. 
The high rate of lymph flow points to a dynamic 
rather than a static alteration of fluid distribution 
in the injured tissues. In view of the many simi- 
larities between the vascular disturbance in bums 
and frostbite (10) the demonstration of aug- 
mented l)-mph flow in the frostbitten c-xtrcniitics 
of rabbits might throw some light on tlic nature 
of fluid exchanges following severe injury by co'd. 
It has been pointed out that the edematous t:‘ sues 
after frostbite are to some extent organized fl). 
in that only limited quantities of edema fluid flow 
from the incised .swelling. Organization of t;u.s 
fluid citlier in the form of a fiV.rin c!'-'. or in a ge! 
stabilized by hs'aluronic acid (11) rr.'g::t '■-ffer 
some mcdianica! barrier to free movem.e;,: of fluid 
and plasma protein in tiue e.ul.'r.-.'a'rt.-’.r.r eem;-:.::- 
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ment and also hinder the movement of fluid into 
capillaries even though adequate filtration gradi- 
ents existed. 

A small number of experiments designed to 
demonstrate lymph flow by the use of the dye 
Patent Blue V as employed by McMaster (12) 
and the state of the interstitial fluid by the spread 
of T-1824 by the method of McMaster and Par- 
sons (13) were carried out on the frostbitten and 
normal ears of rabbits. Two rabbits were used for 
the studies with Patent Blue V. One ear of each 
animal was frostbitten by immersion in the freez- 
ing mixture for 1 minute at — 55° C. The contra- 
lateral ear of each animal was used for control 
observ'ations. Patent Blue V (0.01 ml. of an 11 
per cent solution in water) was injected intra- 
dermally through a G-26 hypodermic needle. In 
one animal, the dye was introduced into both ears 
midway between the central artery and the mar- 
ginal vein 4.5 hours after frostbite. In the frost- 
bitten ear diffuse, blue streamers were seen to 
extend proximally within 5 seconds. After 10 
seconds, a poorly defined blue band extended 
from the point of injection to the marginal vein. 
These bands blended into the neighboring skin 
areas with no clear, fine lines. The color became 
diffuse and faded completely within a few minutes. 
In the normal ear of the same animal, narrow, 
sharply defined blue lines radiated from the point 
of injection. Within 60 seconds after injection, a 
small blue streamer reached the marginal vein; 
and, after 4 to 5 minutes, fine blue lines extended 
proximally along the central artery. 

A second rabbit was subjected to the same de- 
gree of injury as the first, but the dye was in- 
jected 30 minutes after frostbite. Rapid and dif- 
fuse spread of dye in the frostbitten ear toward 
the central artery and laterally toward the mar- 
ginal vein was observed. Two hours after in- 
jection of dye, diffuse, blue streamers extended 
proximally along the central artery and near the 
marginal vein. After 5.5 hours all dye had dis- 
appeared from the frostbitten ear. In the normal 
ear, fine lines extended proximally along the cen- 
tral artery, but these moved at a much slower rate 
than those in the frostbitten ear. After 2 hours 
no streamers were seem A large amount of dye 
remained at the original site of injection at the 
end of 5.5 hours. 

These observations indicate that lymph flow in 


the frostbitten cars of rabbits persisted after in- 
jury and that it was more rapid than that obscrv'cd 
in normal cars. 

The spread of T-1824 in normal and frostbitten 
skin of rabbits’ cars was studied after injection of 
0.01 ml. of dye (1 per cent T-1824 in isotonic so- 
dium chloride solution) intradcrmally into both 
ears after one of them had been frostbitten in the 
usual manner. The size of the spot of dye was 
measured at intervals over periods of 17 to 21 
hours. Seven rabbits were studied in the manner' 
described. Tlie results in all 7 animals were essen- 
tially similar. Spread of dye occurred in both 
normal and frostbitten ears but was more ex- 
tensive in the frostbitten ears than in the nor- 
mal ones. A single example will suffice to in- 
dicate the relative magnitude and qualitative as- 
pects of changes observ'ed. The size of the spot 
of dye immediately after injection was 4x4 mm. 
in each ear. At 170 minutes after injection of dye 
the spot had increased to 6 X 11 mm. in the nor- 
mal ear while that in the frostbitten ear was 
15 X 60 mm. After 21 hours the dimensions were 
11 X 13 mm. in the normal ear while no dye was 
detectable in the frostbitten ear at this time. 

The results of similar measurements on an ani- 
mal in which the frostbitten ear was thawed rap- 
idly in warm water (3 minutes at + 42° C.) did 
not differ strikingly from those obtained on un- 
treated, frostbitten ears. A series of 5 animals 
studied after marked edema had been induced in 
one ear by wetting it with xylene showed differ- 
ences between the edematous and the normal ears 
which were similar to those observed when edema 
was produced by frostbite. 

As judged from the observations made with 
intradcrmally injected dye in frostbitten ears, there 
appears to be no evidence of physical organization 
of the edema in such a way as to impede the spread 
of colloidally dispersed material within it. 

COMMENT 

Direct observations of blood flow changes in the 
minute vessels of normal and frostbitten ears of 
rabbits, both with and without intravascular India 
ink injections, are in substantial agreement with 
those reported by Tittel (14) and by Rotnes and 
Kreyberg (15) . The following points are brought 
out: 
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(7) Cold injury leads to stasis in the true capil- 
laries in proportion to the severity of injury as it 
is determined by time of exposure and temperature. 

(2) Following a standard cold injury of 1 min- 
ute immersion of the distal half of the ear in the 
freezing mixture at — 55° C.: 

(a) Blood flows into all vessels of the ear in 
the early period after thawing. 

(b) Stasis appears first in the true capillaries, 
begins with the return of blood flow, and is com- 
plete in the true capillaries within 10 minutes after 
the first reappearance of blood in the injured 
region. 

(c) Stasis is accompanied by loss of fluid from 
the true capillaries into the surrounding tissues 
and by dense packing of erythrocytes within the 
capillaries. 

(d) Carbon particles (India ink), injected into 
the blood stream before stasis is complete, become 
trapped in the true capillaries during the develop- 
ment of stasis, but if the injection of carbon is 
delayed until after stasis is complete, none of it 
enters and none is trapped. 

(c) Blood flow in the cold-injured region, after 
stasis has closed the true capillaries, occurs in 
arteriovenous anastomoses and in arteriolar- 
venular capillaries, described as "thoroughfare 
channels" by Chambers and Zweifach (16). 

It is evident from the above summary that dur- 
ing the hyperemic phase after injuiy- the total cross 
sectional area of the vascular bed between the ar- 
terioles and venules within the frostbitten region 
becomes sharply reduced to include only a-v anas- 
tomoses and arteriolar-venular capillaries. This 
response to injurj’ by cold has been noted by other 
investigators (17 to 22). An important conse- 
quence of such a local redistribution of blood flow 
in the presence of a total increase in minute volume 
flow, as indicated by the clianges of skin tempera- 
ture, would be a marked rise in effective filtration 
pressure. Thus, in spite of the fact that the true 
capillaries may lose large amounts of fluid up to 
the time that stasis is complete, the later loss of 
fluid into the cxtra^•ascular compartment must oc- 
cur mainly as the result of the high filtration pres- 
sure within the “thoroughfare chaimcls.'' The 
measurement of changes in volume and sulxutanc- 
ous tissue pressure in frostbitten feet of rabbits 


(23) showed that maximum volume is reached in 
about 2 hours after injury and that the pressure 
of fluid in the interstitial compartment reaches its 
maximum of 25 to 30 cm. of water at about the 
same time. In the period between thawing and 
the attainment of maximum swelling a new' filtra- 
tion equilibrium is established at high levels of cap- 
illary pressure, interstitial fluid pressure, and rate 
of fluid exchange. That fluid continues to be lost 
from the blood in the injured regions at rates which 
overwhelm the local routes of removal is illustrated 
by 2 observ'ations : (a) the movement of edema 
fluid in the subcutaneous tissues far into the unin- 
jured regions from the area injured by cold (23) ; 
and (b) the rapid Ijnnph flow from the injured 
region as demonstrated with the aid of dyes. 

The “flux” of plasma ultrafiltrate in normal 
tissues has been described by Zweifacl\ (24) as 
filtration from the plasma in the capillaries with 
high internal pressure (the arteriolar-venular cap- 
illaries) and the re-entry of plasma ultrafiltrate 
into the blood stream by seepage into true capil- 
laries, especially in the region close to their junc- 
tion with an a-v capillar}’ as it enters a collecting 
venule. In frostbitten ears of rabbits, the closure 
of true capillaries and the rapid inflow of blood 
during the hyperemic stage favor the vigorous 
formation of plasma ultrafiltrate and perhaps even 
the loss of some protein through the walls of a-v 
capillaries ; but the stasis, effective in diverting in- 
flowing blood into “thoroughfare channels” at high 
pressure, at the same time renders the true capil- 
laries useless as routes of re-enti}’ of fluid into the 
blood stream. In addition to closure by primaiy 
stasis, obstruction of some capillaries may be ac- 
complished as a result of the spatial distortion and 
kinking which occur during swelling. 

The effect of closure of true capillaries upon cx- 
clianges between the blood and the cxtrava.'ailar 
compartment is that of sharply limiting the a%’ail- 
ablc surface across which diffusion may take place 
and at the .same time increasing the rate of filtra- 
tion. Danielli and Stock (25) and Zweifach (24) 
have pointed out the separate nature of e-xchanges 
by diffusion and exchanges which r^ccur largely 
by filtration. Resting tissues cltaractcri^tica’ly de- 
pend upon the flu.x of plasnua uhrafihrr.te : minute 
volume blood flow is relatively small and only a fe-.v 
true capillaries are open at a tim.e. .’.ctivr ti-'ue" 
depend upon a considerable increase in th.e area 
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a^'aiIable for diffusion as well as upon increased 
filtration. Thus, in active tissues the minute vol- 
ume blood flow is large, many true capillaries arc 
open, and an appreciable volume of filtrate is 
formed. In frostbitten tissues an anomalous and 
probably harmful situation exists : blood flow and 
local temperature are high at a time when the total 
area available for diffusion exchange is reduced. 
In spite of the high temperatures, which might be 
expected to increase the metabolism of tissues in 
the injured region, measurements of arterio-venous 
ox}'gen differences in the blood perfusing these 
tissues indicate that the rate of oxygen consump- 
tion is extremely low (23). 

SUMMARY 

1. Paralysis of vasomotor activity, both tonic 
contraction and phasic responses, was produced in 
the injured regions when the distal halves of rab- 
bits’ ears were exposed, to — 55° C. for 1 minute 
in a liquid freezing mixture. Vasomotor activity 
was preserved in vessels proximal to the line of 
immersion. 

2. After thawing of the frozen ears in air at 
25° C., blood flow was re-established and all ves- 
sels became markedly dilated. Stasis began in the 
true capillaries with the return of blood flow and 
was complete in 10 minutes. 

3. Particulate carbon, injected intravenously, 
became trapped in the true capillaries when injec- 
tion was made within the first 10 minutes but 
failed to enter true capillaries when injection was 
delayed for longer intervals after injury. 

4. Blood flow persisted in arterio-venous anasto- 
moses and in arteriolar-venular capillaries for 
about 24 hours but declined virtually to zero over 
the ensuing 24 to 30 hours. 

5. Rapid thawing of frozen ears in warm water 
(1 to 3 minutes at 4- 42° C.) delayed the develop- 
ment of stasis in the true 'capillaries until maximal 
swelling was reached at about 2 hours after injury. 

6. Procaine block of the stellate ganglion aug- 
mented the hyperemia after injury and delayed 
the onset of stasis for 50 to 60 minutes. 

7. Persistence of rapid lymph flow and rapid 
formation of interstitial fluid in frostbitten ears 
up to 21 hours after injury was demonstrated with 
the aid of intradermal injections of the dyes. Pat- 
ent Blue V and T— 1824. 
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It has long been considered tlial the iininediate 
application of warmth to frostbitten extremities 
should he avoided. In 1939 the Russian investi- 
gator, Ariev (1). reviewed the experimental and 
clinical observations upon which the acce])tcd pro- 
cedure of slow, gradual warming is ))ased. He 
concluded, on the basis of his experimental re.sulls 
(cited below), that rapid warming in cases of cold 
injur}' should be subjected to clinical trial. Two 
human cases were reported in which no ill effects 
were observed to follow rapid warming of the feet 
and legs. 

The older literature, cited by Sonnenburg and 
Tschmarke (2), Ariev (I), and Harkins (3). 
contains many observations which have been in- 
terpreted to indicate the danger of rapid warm- 
ing of frostbitten parts. These observations are, 
however, uncontrolled and in man}' cases open to 
doubt. Perhaps the outstanding example is Bar- 
ron Larrey’s description of cold injury among 
the soldiers of Napoleon’s army during the re- 
treat from Moscow in the winter of 1812-1813 
(4): 

“Unfortunate was tlie fate of him, who, with his animal 
functions nearly anniliilated, and his external sensibility al- 
most destroyed by the cold, should suddenly enter too 
warm a room, or approach too nearly a large bivouac fire. 
The projecting parts of the body, grown insensible, or be- 
ing frozen, and remote from the centre of circulation, were 
attacked with gangrene, which manifested itself at the 
same nioment, and was developed with such rapidity, that 
its progress was perceptible by the eye, or else the indi- 
vidual was suddenly suffocated by a sort of turgescence, 
apparently invading the pulmonary and cerebral systems. 
He perished, as if in a state of asphyxia.” 

An experimental approach to the problem of 
slow versus rapid warming of frozen extremities 
was made in 1937 by Harkins and Harmon (5). 

1 The work described in this paper was done under a 
contract, recommended by the Committee on Medical Re- 
search, between the Office of Scientific Research and De- 
velopment and Stanford University. 


Hind limb.s of dogs were frozen with solid CO; 
atid one leg was thawed at 42° C. for comparison 
with the other thawed at 2° to 12° C. One frost- 
bitten car of rabbits was thawed at 38° C. and the 
other at 2° C. In neither case was any essential 
difference reported between the rapidly and slowly 
thawed extremities, although the frostbitten legs 
were observed only for IS hours. They reported 
that “if anything, the cars that were thawed in ice 
water showed a trace more gangrene." 

Ariev ( 1 ) has rejjorted the results of several 
series of e.xperimcnts which were designed to 
compare the effect of slow and rapid warming of 
frozen ears and feet of rabbits. After freezing 
both ears of rabbits with etin’l chloride, one ear 
was warmed with hot compresses wet in water at 
40° to 45° C. The frostbitten part of the slowly- 
warmed ear was ultimately lost in 5 animals while 
the rapidly-warmed ear showed only fibrosis in 
the distal part. Both feet of rabbits were frozen 
with ethyl chloride to the tibio-tarsal joint. One 
foot was then rapidly thawed by means of the ap- 
plication of compresses wet with water at 35° to 
40° C. while the other was thawed in air. In 
the rapidly wanned foot, gangrene “only touched 
the most distal parts of the toes,” while in the 
opposite foot “total gangrene spread over the en- 
tire region subjected to freezing." 

The experiments reported here were carried 
out in order to determine the effectiveness of im- 
mediate rapid warming in preventing the occur- 
rence of gangrene following controlled cold in- 
jury. The effect of rapid warming on local blood 
flow in frostbitten ears and feet following thawing 
has been examined by means of fluorescein and by 
measurement of skin temperature. 

METHODS 

The method used for tlie production of controlled cold 
injury has been described previously (6). In this series 
of experiments, rabbit ears were immersed at — 55° C. 
for 1, V/i> or 2 minutes; rabbit feet were immersed at — 55° 
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C. for 3 minutes and at — 15° C. for 60 minutes. The 
rapid warming was accomplished by immersion of the foot 
or ear, immediately after removal from the cold liquid, 
in a water bath at + 42° C. Ears were warmed for pe- 
riods ranging from 15 to 120 seconds; feet were warmed 
for 2 minutes or 5 minutes. During immersion in the 
warm water the foot or ear was kept in constant motion to 
facilitate thawing. 

The effectiveness of immediate rapid warming was eval- 
uated on the basis of the e.xtent of ultimate tissue loss, the 
time required for the development of wet and drj' gan- 
grene, and the e.xtent of induration and scarring of the 
ear or foot several weeks after injury. 

RESULTS 

1. Imvtcdialc rapid waniiiiig of rabbit cars fol- 
lo'iviag controlled cold injury. The extent of tis- 
sue loss following frostbite of rabbit ears without 
treatment and with treatment in the form of im- 
mediate rapid warming is given in Table I. The 

TABLE I 

Tissue loss foUmving severe cold injury in untreated 
animals and in animals treated by immediate 
rapid warming of ears 

All cars frostbitten by immersion in liquid at — 55° C. 

Untreated control series* 


Duration 
of exposure 

Number 

animals 

Extent of tissue loss 

seconds 



60 

11 

Complete to level of immersion 

90 

24 

Complete to level of immersion 

120 

2 

Complete to level of immersion 


Immediate rapid warming 


Dura- 
tion of 
C.tpo- 
SVITC 

Temp. 

of 

warm 

%\alcr 

Dura- 
tion of 
warm- 
ing 

Extent of ijes'UC lofS 

sfconds 

•c. 

sfconds 


60 

-b41 

15 

None 

60 

+42 

60 

None 

60 

+42 

120 

None 

60 

+42 

120 

Complete to level of immersion 

60 

+42 

120 

Dist.-il 1 cm. 

60 

+42 

120 

None 

90 

+ 42 

30 

None 

90 

+42 

30 

Di.sml 2 cm. 

90 

+42 

120 

Complete to level of immersion 

120 

+ 42 

1 

45 

1 Complete* to level of immer«if»n 

j 


1 bc.w anim.il- .arr the s.inie .as tho'C incliidial in jvipcr I 
of this writ-s (6>, 


entire distal ]inrt of the car ns far a> the line to 
wliicb it was immersed becotnes gnugrettous and i- 
vveiitnalK' lost when the ear is thawed in air at 
r<H>m temjHTattire (untreated). .After bn.stx'ot'.d 


immersion at — 55° C. the procedure of immediate 
rapid warming resulted in saving the entire frost- 
bitten part of the ear in 4 out of 6 animals, and in 
the retention of about 90 per cent of tbe injured 
region in 1 animal. With frostbite of longer dura- 
tion (90- and 120-second immersion at — 55° C.) 
the procedure of rapid wanning resulted in saving 
the entire area in 1 out of 4 animals and incomplete 
loss in 1 animal. 

In the treatment of frostbite of rabbit ears by 
immediate rapid warming, thawing of the frozen 
ear occurs 10 to 15 seconds after it is placed in 
warm water. Following removal from the wann 
bath the ear is intensely hyperemic and usually 
tends to be somewhat cyanotic. Edema is evident 
upon removal from the warm bath and exceeds 
that observ'ed in untreated frostbitten ears during 
the first 24 hours. Blisters are frequently seen. 
Exudation of protein-containing fluid from the 
surface of the ear occurs after 24 to 48 hours and 
results in the accumulation of a crust of protein 
which covers the entire frostbitten part of the car. 
The crust begins to crack and fall from the car 
after 10 to 15 days, revealing a pink surface cov- 
ered by a thin layer of epithelium. Tiie car be- 
neath contains a large amount of fibrous tissue 
which shrinks during the ne.\t few weeks. .After 
several weeks the car is shrunken and thickened, 
but shows no loss of tissue as the results of injury. 
The appearance of frostbitten ears treated by 
means of rapid warming is shown in Figure 1. 
The course of events following frostbite of a rabbit 
car. with and without rapid wanning, is outlined 
in Table II. The times required tor development 
of wet and dry gangrene were quite uniform in the 
animals treated by rapid wanning and in cxintroF. 

2. Immediate rapid xcarming of rabbit feet fol- 
loiving controlled cold injury. The e.xtent of ti— 
sue loss following frostbite of rabbit feet without 
treatment and with treatment in the fonn of im- 
mediate rapid wanning is given in Table III. In 
general, rabbit feet fro.^tbitten for .5 iniiuU*-- 
— 55° C. and penniited to th.Tw in air a: room trm- 
jieraturc (untreated) develop gangrene over ti:'- 
etUirc injured area and are u-ually !o-i 'o !!’•■ b v( I 
of immersion (Table HI; I'lgure 211 2* i. 

Following untreated iro-tb'te ]>ri 'I nn- 
mer.'ion <if rabbit feet fort^) nn::;;;? ^ , 

gangrene develops over tJ'.e 'e n.pir' ! 
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TABLE II 

Effect of immediate rapid warming on the course 
of events following frostbite of rabbit ears 
Time course of changes following severe cold injurj’ 
of both cars of one rabbit. One ear treated by immediate 
rapid warming, while the other permitted to thaw at 
room temperature in air. Both ears injured by immersion 
for 60 seconds at — 55°C. Right ear warmed in water 
at +42° C. 


Days 

after 

in- 

jury 

Right ear 

immediate rapid warming 

Left ear 

untreated; thawed in air 

1 

Edematous. Warm, 
j No blistering 

Edematous. Cool._ 
Moderate cyanosis. 
Large blister 

2 

Edematous. Warm 

Edematous. Cool 

3 

Edematous. Warm ' 

Weeping. Cool 

Weeping. Cool. Cy- 
anotic. Wet gangrene 
on tip 

6 

Slight weeping. Warm 

6 

Warm, blight weeping. 
Encrusted with protein 

Cold. Wet gangrene, but 
beginning to drv on tip 

8 

Encrusted with protein. 
Warm 

Dry to level of frostbite 

15 

Crust peeling off. Frost- 
bitten portion of ear 
intact 

Spontaneous amputation 
at level to which im- 
mersed 


area, and either the entire foot is lost to the level 
of immersion or a slender tongue of tissue on the 
plantar surface of the foot is retained. 

Treatment of frostbite, following exposure at 

— 55° C. for 3 minutes, by means of immediate 
rapid warming results in the survival of all of the 
injured region except the toes (Table III ; Figure 
2D). Rapid warming following exposure at 

— 15° C. for 60 minutes reduces the e.xtent of tis- 
sue loss so that the toes or parts of the toes only 
arc lost (Table III ; Figure 2E and 2F). 

The course of events in rapidly wanned feet is 
similar to that in rapidly warmed cars. Thawing 
occurs after about 1 minute in the warm bath, 
hollowing removal from the warm water bath the 
fool usually appears cyanotic and very hypcrcmic. 
1 he edema is somewhat greater than in untreated 
feet. Exudation begins after about 2 days. Wet 
gangrene develops on the toes after 4 to 5 day.-, and 
drying follows within 1 to 2 days. The toes 
shrink, become mummified, and eventually sepa- 


TABLE III 

Tissue loss of untreated frostbitten rabbit feet and 
of frostbitten rabbit feet treated by means of 
immediate rapid warming 

One hind foot of rabbit immersed in cold liquid, at the 
jndicated temperature, to the level of the tuberosity at 
the base of the fifth metatarsal 

Untreated control series* 


Dura- 
tion of 
immer- 
sion 

1 ; 
1 

Temp. 

1 Xo. of 

1 animals 

i 

1 

Extent of tis.'ue loss 

i 

minutes 

°c. 1 



3 

-30 1 

i 

1 16 j 

! 

Complete to line of immersion 

Complete except plantar pad f4). All 
j toes U). 

60 1 

-IS j 

1 

5 

Complete to line of immersion ''2). 
Complete except plantar pad ^2). 
Xone; foot did notfree/e f\). 


Immediate rapid warming 


Temp, of 
warm water 

Duration of j 
u-arming ^ 

i 

j Extent of tt«sue loss 

“C. j 

minutes j 



4. Feet exposed 

at -^55^ C. for 3 minutes 

*f36 

S 

Complete except for I cm 

4-43 

2 

Toes onfv 

-i-42 

5 

Parts of toes: 11*3; lV-3** 

-r42 

5 

Toes oalv 

4-43 

5 

Toes only 

-H2 1 

5 

Toes only 

4-41 

5 

Toes only 

B. r'eei ex/^osed t 

it — C.for 60 minutes 

4-42 

5 

Parts of toes: 11*2.3; 

4-42 j 

5 1 

Toes onis' 

4-42 

5 

Parts of toes: IL3; III'3** 

4-42 ’ 

5 ' 

Xone 

•f42 

5 

Parts of toes: 11-2.3; IV-2.3*' 


* These animals are the same as those included in paper I 
of this series (6). 

** Roman numerals indicate digits, .\rnbic num1x-r- 
indicate phalanges; 1 = proximal. 2 = mifldle. .1 = di-ud. 
t Numbers in parentheses indicate numlter of animal-. 

rate. In some cases wet gangrene may rleveloj) 
on the dorsal surface of the font, but tin- -non 
dries into a crust 1 to 2 mm. thick. This cschar 
separates after 10 to 14 days, leaving a pink, grami- 
iating surface which is soon covered by epiiltelinm. 
The foot remains warm at all times in contr.ast to 
the fall in lein])eratnre which i>cciirs in nntreaicd 
feet after about 48 hours (7 ). In final apjuarar.n: 
the foot is thickened, with niodcrate -carritig <•-- 
jtecially on the dorsal surface ( I'igtirc 2. ceigcir'- 
nomial .-\ with D. F-, Fj. 


I-ti’.. 1. Tmvtmcnt or ExfiriMr-NT vi, l-ro-TriTt. i:v ”t.\Ns ns K’ m:!i Wo”:-. ■ 

Both cars exposed at — 55° C. he 1 minute. Tt’.e t-.ar <o the h it wa- w arn -d i' r 2 

42 C. immciliatcly alter injuty. Tl-,e ear on the rich.: reci-iol r. > 

mittcvl to thaw in air at nsmi tem]>era;ure. I’isaocraphe'! pi 'hj, r :r- o' 

B. The car on the left wa- exjsi't-! at — 54' C. for 1 ■nn-utr t' -n in-- '-':..'.’ - ; t 

uater a; 42" U. for 2 minute-. Tin- car on tl-.c richt i- r Tm.;2 i’:- t -.t;;' •! 21 

injury. 
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Fig. 2. Treatment of Frostbite of Feet by means of Rapid Warming 
A. Normal rabbit feet clipped in preparation for frostbite. 

B Untreated frostbite 16 days after injury. Foot immersed at — 55° C. for 3 minutes. Spontaneous am- 
putation at the level of immersion occurred 14 days after frostbite. 

C Untreated frostbite 27 days after injury. Foot immersed at — 55° C. for 3 minutes. Foot mummified 
to level of immersion but not separated. 
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After immediate rapid warming of feet exposed 
for 60 minutes at — 15° C., induration is more 
severe than in those feet frostbitten at — 55° C. for 
3 minutes. Partial resolution of the induration 
occurs over a period of about 3 weeks, but suffi- 
cient periarticular fibrosis remains to cause spread- 
ing of the foot to 1.5 to 2 times its normal width. 
The fibrosis is particularly marked about the meta- 
tarsal-phalangeal joints (Figure 2E and 2F). 

3. Local status oj the circulation in jrostbitfen 
cars and feet jollowing immediate rapid zuarming. 
Investigation of ears and feet of rabbits subjected 
to immediate rapid warming following cold in- 
jurj' has shown that certain important differences 
can be established between these rapidly warmed 
extremities and those which did not undergo treat- 
ment. Reference should be made to the previous 
papers in this series, cited below, for the details 
of the methods used. 

a. Skin temperature. Skin temperature 
measurements of rabbit ears, which were immedi- 
ately warmed for 2 minutes at -h 42° C. following 
60-second exposure at — 55° C., were made dur- 
ing the first few hours after injury' and at inter- 
vals up to 5 days. Immersion of the frozen ear 
in warm water results in a rise in skin tempera- 
ture to between 25° and 30° C. A further rise in 
temperature occurs during the next 30 minutes 
so that the maximum temperature does not differ 
markedly from that of untreated frostbitten ears 
at this time (7). During the first 5 to 6 hours 
after injury the skin temperature of the injured part 
of the rapidly warmed ears falls several degrees. 
The most striking differences in temperature be- 
tween rapidly warmed ears and those thawed in 
air (control animals) arc observed after 24 hours 
(Table IV ). By this time the decline in tempera- 
ture of the frostbitten untreated car has become 
marked, while the frostbitten, rapidly wanned car 
is at approximately the same temperature as the 
nonnal ears. Forty-eight hours after injurv the 
temperature of the untreated frostbitten car has 
fallen to that of the environment ; the skin teinpem- 


TABLE rv 

Effect of immediate rapid warming upon the 
skin temperature of frostbitten ears 


Injured ear wanned at C. 


Injured ear thawed in air 


Animal 

number 

Time 

after 

injur>' 

Skin 

temperature 

Animal 

number 

Time 

after 

injur>' 

Skin 

temperature 

In- 

jured 

ear 

Nor- 

mal 

ear 

1 

In- 

jured 

ear 

1 

1 Xor- 
1 mal 

1 ear 


hrs. 


c. • 


krs. 


c. 

113 

1 to 4 

37.2 

37.8 

83 

1 to 5 

35.9 

36.8 


20 

35.5 

35.0 


29 

24.4 

! 37.3 


44 

36.3 

37.2 


48 

22.6 

37.3 


68 

35.2 

36.0 


95 

24.3 

34.4 






120 

24.0 

32.3 

120 

1 to 5 

32.0 

38.6 






28 

38.0 

37.8 

94 

1 to 2 

32.4 

37.1 


47 

34.3 

34.5 


27 

35.8 

37.2 


72 

34.0 

38.3 


45 

29.2 

36.2 


96 

37.3 

37.5 


118 

24.5 

37.9 

121 

1 to 3 

31.8 

33.6 

93 

1 to 6 

35.1 

It*-- 

3/./ 


24 

38.4 

38.8 


24 

30.8 

38.2 


49 

35.9 

37.1 


31 

28.5 

34.9 


72 

31.5 

25.7 


5-}- 

27.4 

.32.7 


119 

35.7 

37.2 


72 

27.2 

37.2 






98 

26.0 

.36.8 






150 

24.3 

37.6 


ture of the rapidly warmed ears remains at 35° to 
37° C. Skin temperature measurements of the ears 
of 3 untreated animals and 3 animals in which the 
frostbitten ears were rapidly warmed are given in 
Table IV. It is quite clear that blood flow through 
the frostbitten, rapidly warmed ears is maintained 
at a high level at all times during the period fol- 
lowing injury. 

1). Demonstr.\tions with fluorf.scei.n ok lo- 
cal CIRCUL.ATION IX FRO.STP.ITTEN EAR.S TRK.\TEI) 

rv rapid w.\rming. The adequaev of the Ic>cal 
circulation in untreated frostbitten ears and in 
frostbitten ears treated by immediate rapid wann- 
ing has been e.xamined by measuring the intensity 
of fluorescence under ultraviolet illumination iti 
the injured region after the i^travenou^ inject ioti 
of fluore.scein (8). 

In 6 animals the distal half of the ear wa- fro-t- 
bitten at — 55° C. for Cf) to second- and ini- 


1). l-ro'tliitc trcatal In- rapid warming. Plmtoerapln-d 26 dav> aucr immeroon a*. 

Treated liy immediate rapid warming in nater a! -tJ' C. tor 5 mimjte-., 
l-_ I rouiiite treateil liy rapid warming. Piiotosrap’icd ICidaiv after imm-ro-.-i at 
Treateil liy immediate rapid warming in water at -5J’ C. for 5 minntr-. 

1-. I rintl>nr treatot tiy rapid warming. P-'ot.-grapV.e 1 14 (lay. aimr imm-r--. a 
Treatr-d tiy in-.mediate rat'id warming iti water at 42' j, 5 rr.-m:;'-' 
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mediately warmed in water at + 42° C. Sodium 
nuorescein, 75 mgm. per kgm.. was then given 
intravenously. In some cases, a second injection 
of nuorescein was made after 24 or 72 hours. The 
fluorescence of the ra})idly warmed ear was com- 
pared with that of the ear of atiothcr animal sub- 
jected to the same type of cold injury hut per- 
mitted to thaw in air at -{- 23° C. The results in 
all animals were similar. When the fluorescein 
was given immediately after injury the entry into 
the rapidly warmed car was more rapid than in the 
untreated ear and the maximum fluorescence was 
greater in the rapidly warmed ear. The differ- 
ences became more marked when fluorescein was 
given at successively longer intervals after injury. 
Figure 3 shows the difference between a rapidly 
warmed ear (No. IS) and an car thawed in air 


(No. 19) IS hours after frostbite and 40 minutes 
after the administration of fluorescein. In the un- 
treated ear, fluorescence is ajjparent onlv around 
the central artery and near the tip. in the region 
of large vessels. In the rajndly warmed ear fluo- 
rescence is fairly uniform. 

Fluorescein injected 72 hours after injury usu- 
ally fails entirely to enter the frostbitten untreated 
ear, while the rapidly warmed car glows brightly. 

Jn one animal both cars were frostbitten for 60 
seconds at —•'’5° C. ; one ear was then rapidly 
warmed in water at -h 42° C. Fluorescein was 
given immediately, and again after 48 hours. The 
curves showing the intensity of fluorescence as a 
function of time in both cars arc given in Figure 4. 
After both injections, the fluorescence was more 
intense in the warmed ear. Forty-eight hours 



Fig 3. Fluorescence in Frostbitten Rabbit Ears after Fluorescein Administration 
Fluorescence in rabbit ears 18 hours after frostbite and 40 minutes after the intravenous administration of 
75 mgm. per kgni. sodium fluorescein. Ears frostbitten by immersion at — 56° C. for 90 seconds. 

A No 18. Ear warmed in water at 42° C. for 2 minutes immediately after removal from freezing mixture. 
B. No. 19. Ear permitted to thaw in room air (control). 
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Fig. 4. Effect of Immediate Rapid Wa^iing ok the 
Fluorescekce of Frostbitten Rabbit Ears after Ik- 
TRATCKous Administration of Fluorescein 


The results of a single experiment in which both ears 
of a rabbit were frostbitten by immersion at — 55° C. for 
1 minute. Sodium fluorescein (75 mgm. per kgm.) given 
•intravenously immediately after frostbite (A) and again 
48 hours after frostbite (B). 

O O Ear thawed in air (control). 

• • Ear treated by immediate rapid warming by im- 
mersion in water at + 42° C. for 2 minutes. 

after injur)’ the maximum fluorescence of the 
rapidly warmed ear was 4.4 times that of the un- 
treated ear. 

The more rapid cntiy' of fluorescein into rapidly 
warmed ears than into untreated frostbitten ears 
indicates that circumstances arc present in the 
treated cars which permit the rapid establishment 
of equilibrium between the plasma and interstitial 
fluid in the cars. It is probable that this differ- 
ence is a measure of the greater area through which 
fluorescein is able to diffuse into the rapidly 
u armed car than the area through which it can 
pass in the untreated ear. 

C. ErFECT OF RAPID W.ARMING UI'ON THE DE- 
'T.LOPMF.NT OF ST.ASIS .AS DETF.RMINFTl WITH C.AR- 


BON INJECTION. Thcsc data have been presented 
in detail previously as part of the description of 
local circulation following severe cold injur)* (9). 
Rapid wanning of frostbitten ears had tlie effect 
of delaying the onset of complete stasis as deter- 
mined by injection of carbon particles and direct 
observation of the trapping of carbon in the minute 
vessels of the ear. When stasis did develop in 
the rapidly warmed ears it coincided in time with 
the period of maximal swelling. 

4. Co7nparison of immediate rapid tvarmiug and 
cooling following severe cold injury. Cooling of 
injured extremities has been recommended follow- 
ing cold injury^ of the trench foot or immersion 
foot t)*pe (10) . In the treatment of frostbite, cool- 
ing in the form of cold baths (10° C.) and even 
rubbing with snow have often been recommended 
(11). From a theoretical point of view tlie main- 
tenance of a low tissue temperature, and conse- 
quently of a low metabolic rate of the tissues, is 
desirable under circumstances in which blood flow 
is reduced. 

In 2 animals the effect of cooling on the course 
of events following frostbite was studied for com- 
parison with the results obtained by immediate 
warming. Both animals were frostbitten by im- 
mersion of one foot at — 54° C. for 3 minutes. 
The foot was then permitted to thaw in air at 
room temperature and was then cooled. The foot 
of one animal was suspended on a cradle inside a 
copper coil 3 inches in diameter, through which 
liquid at about 4- 5° C. was circulated. Air tem- 
perature inside the coil was maintained at 15° C. 
for 4 hours. The foot of the second animal was 
encased in rubber drainage tubing and cooled in 
cracked ice for 7 hours. In both animals the foot 
was lost to the level to which it had been immersed 
in the freezing mixture. The course of events 
leading to loss of the foot was similar to that in 
untreated animals. 

DISCUSSION 

Since any direct injury to the tissues resulting 
from the action of low Icmjjcrr.turc per le has 
already ocairred by th.c time treatment can l-e in- 
stituted, any tlierajxrutic ine.aturc. to I»e effective, 
must be directed toward prevention c: ti'.e cccur- 
rcnce of the secondare change- wh.i;;; f:!!m.. ext-, - 
sure to cold. S. S. Girgol.iv il2i, d:rr:tvr t.; a 



484 


1'. A. I'UHRMAN AND J. M. CRISMON 


bureau established in Leningrad under the Com- 
missariat of Public Health, expresses a similar 
point of view in summarizing the Russian investi- 
gations: “From a clinical and pathologic stand- 
point, tissue necrosis in the body does not result 
immediately from the effect of cold, but appears as 
a secondary complication. . . . The course of necro- 
sis is determined primarily b}’ interference with or 
eventual complete stoppage in blood circulation.” 

The treatment of experimental frostbite by im- 
mediate rapid warming is an effective means of 
preventing the occurrence of the secondary 
changes following injurj'. The beneficial effects 
are probably not the result of shortening the 
length of time during which the part remains 
frozen. Thawing in water at -h 36° C., rather 
than at -f 42° C., was not effective in saving tis- 
sue even though the foot thawed within 21/2 min- 
utes after removal from the freezing bath. At 
42° C. thawing requires approximately 2 minutes. 
In one experiment a foot frozen for 3 minutes at 
— 53° C. was then maintained in the frozen state 
at — 2° C. for 30 minutes. It was then thawed 
rapidly in water at + 42° C. for 5 minutes. The 
resulting tissue loss — toes only — was comparable 
to that obtained by rapid warming immediately 
after removal from the — 55° C. bath. 

In confirmation of the work of Ariev (1) the 
immediate rapid warming of frostbitten feet and 
ears by irnmersion in water at -f- 42° C. has been 
shown to result in less extensive gangrene and 
smaller tissue loss than in untreated animals. 
Those ears and feet which were treated by this 
method underwent stages of hyperemia, massive 
edema, and exudation of serous fluid equal to, or 
exceeding, those of untreated animals. In spite 
of these changes, the extent of tissue loss was 
reduced after rapid warming. Evidence has been 
obtained to indicate that this beneficial effect of 
rapid warming is brought about by maintenance 
of blood flow through capillaries. The high skin 
temperatures of frostbitten parts treated by rapid 
warming are indicative of high rates of blood flow 
through the tissues. The accelerated rate of en- 
trance of fluorescein from the blood stream into 
the interstitial fluid of frostbitten ears following 
rapid warming was observed in contrast to the 
slow entrance of the dye in frozen untreated ears. 
Since evidence has been presented which indi- 
cates a direct relationship between rate of penetra- 


tion and available diffusion area (8), the above 
observation may be interpreted to indicate the 
preservation of a larger number of functional capil- 
laries, and hence larger diffusion area, in the rap- 
idly warmed ear. Delay of capillar)' stasis fol- 
lowing rapid wanning of frostbitten cars has been 
observed with the microscope in transilluminated 
cars, and persistence of blood flow has been veri- 
fied with the aid of injected carbon. 

In a recent publication of the Red Army on 
cold injury Ariev (13) states: “The fundamental 
goal of treatment in the pre-reactive period is 
elevation of tissue temperature, that is, warming 
of the cold-injured extremity, leaving aside the 
question of the advisability of rapid warming as 
under war conditions it does not have a great 
practical importance.” Girgolav (12) also con- 
curs in this view: “It has been definitely ascer- 
tained through a number of experimental investi- 
gations on different animals, that the more rapidly 
the chilled animal or any of its parts, such as the 
ear or extremity, is warmed, the more effective is 
recover)'. From numerous experiments of this 
type, it has been clearly demonstrated that warm- 
ing is the most satisfactor)' procedure.” • If im- 
mediate rapid warming is as effective a measure in 
the prevention of gangrene following cold injur)' 
in man as it appears to be in experimental animals 
it would be highly desirable to develop methods 
for the institution of this treatment in the field. 
In spite of Ariev’s statement (13) that conditions 
for warming are seldom available at evacuation 
stations at the front and that therefore the question 
of rapid or slow warming is devoid of practical 
interest, it seems possible that equipment for rapid 
warming could be developed if circumstances 
warrant its use. 

Although immediate rapid warming of frost- 
bitten feet and ears results in far less tissue loss 


3 Although this paper by Girgolav is titled “Modern 
Data on Frostbite” it is apparent that he is also concerned 
with hypothermia. For example he speaks of “frozen ani- 
mals” treated by rapid warming and describes the mini- 
mum body temperatures tolerated. Part of this confusion 
has undoubtedly arisen as the result of translation. In 
view of the results obtained by Ariev (1) with rapid 
warming of rabbit ears which were frozen beyond doubt, 
it appears probable that Girgolav intends, in the quota- 
tion cited above, to include both frostbite and hypothermia. 
Treatment of hypothermia by means of rapid warming is 
considered by Sheinis (14) and by Alexander (IS). 
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than in untreated extremities, the ear or foot which 
is retained is always thickened by the presence 
of dense fibrous connective tissue. Later, con- 
traction of the scar is particularly evident in ears, 
which become shortened, narrower, and somewhat 
distorted in appearance (Figure 1 ) . With the aim 
of reducing the extent of this fibrosis which may 
lead to loss of function, rapid warming should be 
supplemented bj' measures designed to control 
edema. The application of pressure dressings or of 
closed plaster or plastic casts to feet are satisfac- 
tory methods of accomplishing control of the edema 
following experimental frostbite. These methods 
of treatment will be described in detail in another 
paper (16). 

SUMMARY 

Controlled cold injury of rahbit feet and ears, 
produced by liquid immersion, was treated by im- 
mediate rapid warming of the injured part. The 
rapid warming consisted of immersion of the ear or 
foot in water at +42° C. for 2 and 5 minutes re- 
spectively, immediately after withdrawal from 
the freezing mixture. In the majority of cases 
this treatment resulted in complete preservation 
of the frostbitten ear after immersion at — 55° C. 
for 1 minute, a severity' of injury invariably' leading 
to gangrene and loss of the injured part in un- 
treated animals. Gangrene was in most cases pre- 
vented, or very' greatly reduced in extent, and the 
amount of tissue loss was greatly' reduced by' rapid 
wanning of rabbit feet injured by immersion at 
— 55° C. for 3 minutes or at — 15° C. for 60 
minutes. Evidence is presented to indicate that 
the beneficial effect of rapid wanning is brought 
about by alteration in the pattern of local blood 
flow in the frostbitten part. 

Several weeks after injury the treated cars were 
shrunken and somewhat thickened and tlie treated 
feet showed evidence of periarticular fibrosis suffi- 
cient to cause spreading of the feet and toes. It 
suggested that rapid wanning should be supple- 
mented by measures designed to control edema. 
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It has been reported in a previous communica- 
tion (1) that increased leakage of fluid from capil- 
laries is an invariable consequence of cold injury 
in rabbits’ cars and feet. Although stasis, in the 
true capillaries was observed to occur in cars 
about 10 minutes after injurj', it could be dcla)^cd 
by several procedures (2). The delayed appear- 
ance of stasis in the treated ears, as well as the in- 
variable late occurrence of stasis at the junction 
between the normal and frostbitten regions of an 
ear, suggest that distortion of the tissues, result- 
ing from the massive edema, may close true capil- 
laries and produce stasis. The efTcct of capillary 
closure in limiting the exchanges between the blood 
stream and the cells is an important one. 

The similarity bet^veen the vascular lesion in 
frostbite and in burns is obvious and has been 
pointed out previously by others (3). Glenn (4) 
has recently reviewed the development of the 
treatment of burns by means of external pressure 
and by means of non-elastic, non-distensible dress- 
ings. Whether the good results of these forms of 
treatment depend upon “the control of capillary 
leakage” as suggested by Glenn or whether the 
benefit may derive from prevention of the mechani- 
cal distortion produced by swelling has not been 
determined. However, measures which aim at 
the control of either of these consequences of heat 
injury find equal justification for their use in the 
treatment of frostbite. 

Two different types of dressings are available 
for the mechanical control of fluid loss following 
injury : 

(a) Closed plaster casts were used by Glenn, 
Gilbert, and Drinker (5) for the treatment of ex- 
perimental burns. The rationale of this procedure 
has been described by Glenn (4) : "As plasma es- 

1 The work described in this paper was done under 
a contract, recommended by the Committee on Medical 
Research, between the Office of Scientific Research and 
Development and Stanford University. 


capes from the dilated hyperpermeable capillaries, 
the cxtravascular tissue fluid pressure quickly 
builds up against the rigid encasement to exactly 
equal the pressure attempting to push fluid out 
of the capillaries.” Such dressings should be skin- 
tight, non-elastic and non-distensible. In order 
to be maximally effective they should be applied 
before swelling of the injured part has taken place, 
and they must be applied in such a way that the 
distal part of the limb is encased in the dressing. 

(&) External pressure to control fluid loss, as 
used by Allen and Koch (6) and others, is ap- 
plied in the form of a pressure dressing of elastic 
material. A layer of padding separates the tissue 
from the elastic bandage and serv^es to equalize the 
pressures within the dressing. This form of dress- 
ing offers no obvious advantages over rigid casts 
for immediate treatment of frostbite in the period 
before swelling has begun. 

METHODS 

Standard cold injury. Injurj' was produced by im- 
mersing the hind feet of rabbits in a mixture of water, 
ethylene glycol, and alcohol cooled by the addition of solid 
carbon dioxide. The times of exposure and the tempera- 
tures used included those from IS to 60 minutes at — 15° 

C. and 2 and 3 minutes at — S5° C. Details of standard- 
ization of cold injury produced by this means are given in 
the first paper of this series (7). 

Closed plaster and plastic dressings. Closed plaster 
casts were prepared by impregnation of 1-inch gauze 
strips with dental “flasking" plaster. These were wetted 
and applied over a thin layer of gauze. 

In order to prepare a light weight, non-distensible dres- 
sing which would serve a purpose similar to that of 
closed plaster casts, dressings were made from solutions 
of plastic materials applied to gauze. Most of the closed 
plastic dressings were made of a solution of polyvinyl 
butyral in isopropyl alcohol and castor oil (“Sealskin”)-' 
Some were formed with acetone solutions of 40 per cent 
isobutyl methacrylate or methacrylate interpolymer.s 
Those made of “Sealskin” proved to be most satisfactory; 

- “Sealskin — ^viscous,” Clay-Adams & Co., N. Y. 

3 Kindly supplied by E. I, duPont de Nemours, Am- 
monia Dept., Wilmington, Del. 
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examples are shown in Figure 1. The dried cast was 
ver>- light in weight, non-distensible, and non-elastic, but 
to some e.xtent permeable to air. Those made from the 
methacrylates were more rigid, less permeable to air, 
and tended to shrink slightly after application. 

In most cases closed plaster and plastic dressings were 
applied to the feet of rabbits after thawing had taken 
place, but before swelling was noticeable. Upon meas- 
urement of foot volume immediately before application of 
the cast it was usually found to have increased about 1 ml. 
In a few animals the casts were applied before thawing 
was complete. The results did not differ from those first 
described. All feet had been freed of hair by close clip- 
ping before injury. The alcohol-ethjdene glycol-water 
solution (7) in which the frostbite was produced was 
removed from the foot by gentle wiping. Tincture of 
merthiolate was usually used as a surface antiseptic, al- 
though this was sometimes omitted. Next a thin layer of 
K-Y jelly or of petrolatum was applied. Each toe was 
separated from the next by means of gauze, cotton, paper 
wadding, or lamb’s wool. A thin layer of the padding 
was also uniformly distributed around the foot Over this 
was applied 1 layer of seamless tubular gauze, then 2 to 
3 layers of 1-inch gauze followed by 2 layers of seamless 
tubular gauze. The plastic solution was applied with a 
wooden tongue depressor in 2 coats; 1 over the gauze 
strips and 1 over the final layer of tubular gauze. The 
feet were then dried for 20 to 30 minutes in the air stream 
from a fan. The plastic dressing covered the entire 
foot and extended as far proximally as possible without 
impairing ankle flexion. 

Pressure dressiiiys. Pressure dressings were always 
applied after swelling was well started or after it had 
reached a maximum. They were constructed of approxi- 
mately 2.5 yards (stretched length) of l-inch wide clas- 
tic bandage. Both “.Acc" and "Adaptic" bandages were 
used : standard 2-inch widths were cut lengthwise before 
use. Padding material was applied in a thicker layer 
than was used under closed plastic dressings. Of the 30 
pressure dressings used, 2-1 were padded with lamb's wool, 
4 with cotton and 1 each with paper wadding or gauze. 
Care was taken to begin tight application of the bandage 
distally and work as far toward the ankle as full fle.xion 
of this joint would permit. 

RESULTS OHTA1NED liY THE USE OF CLOSED FL.VSTER 
AND I'L.\STIC DRESSINGS AND THEIR COMRIN.V- 
TION WITH WARMING .AND COOLING 

For convenience of comparison of results fol- 
lowing various types of treatment with appropriate 
untreated controls, the followiii" classification of 
tissue loss in the order of increasinii severitv was 
U'cil ( Table 1 ) ; 

1. Partial loss of the toe>. 

11. Complete h'ss of the toe-. 

111. 1 . 0 -- (if till ti--ue di-tal to a line 1.5 
fri'in the level of fro-thite. 


IV, Loss of all tissue distal to a line 1.0 an. 
from the level of frostbite. 

V. Loss of all tissue distal to a line 0.5 cm. 
from the level of frostbite. 

VI. Loss of all tissue except a narrow exten- 
sion of the plantar pad. 

VII. Loss of all tissue to the level of frostbite. 

Table I indicates in the first column the tj-pe of 
treatment, the time of exposure, and temperature 
of the freezing mixture used to produce injurj'. 

Closed plaster and piastre dressings. Closed 
plaster casts were applied to rabbits' feet following 
3-minute exposure at —52° C. to —55° C. ; 
closed plastic dressings were applied following 3- 
minute exposure at — 53° C. to — 56° C., 2-minute 
exposure at —54° C., and 60-minute exposure at 

— 15° C. The results as shown in Table I indi- 
cate the number of times each degree of tissue loss 
was encountered in untreated controls and treated 
animals. The efficacy of this form of treatment 
may be seen from comparison with data on similar 
untreated injuries. It is apparent that the most 
striking results were obtained when the treatment 
was applied to frostbite of 3-minute duration at 

— 55° C. (a severe injur}', which usually resulted 
in complete loss of the foot to the level of frost- 
bite). Of 7 animals, frostbitten for 3 minutes at 

— 55° C. and treated by means of plaster or plastic 
casts padded only with gauze. 6 animals lost only 
toes or parts of toe.-. .A typical result of this treat- 
ment is shown in Figure 1. It is apparent that too 
early removal of casts is disastrous ; those animals 
frostbitten 60 minutes at — 15° C. with ca,-ts re- 
moved after 2 and 3 days ( see examples marked 
in Table I) lost the entire injured region. 

Rapid scanning foUosced by closed plastic dress- 
ings. The feet of 6 animals were expo.-ed at 

— 53° C. to — 55° C. for 3 mimues. ihen rapiilly 
wanned in water for 5 minutes at -f 42° C. and 
encased immediately in cin-ed jda-tic ( Feal-kin i 
dressings parlded with a minimum ani'i-.int <d 
lamb's wool. While witluiut treatment iviiic of th." 
17 animals subjected to thi- liettree of injur, re- 
tained more tlian 1.5 on. of th.e injured p.'!rt of t' - 
foot, all 6 treateil le.- rripid v.Timung p!".- 

dre.— ing- lo-t milv tl'.c t'e-- or jart- < .f tl - t'-> 

( Table 1 I . 

Closed pi.:.’’.:-: dress’r: i •' v 'r- ■ 


on. 


S;\ rabb 
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TABLE I 

The loss of tissue sustained in rabbits’ feet following various types of 
treatment of experimental frostbite 





Number of animals sustaining each degree of tissue loss 


Treatment 

Degree of 
tissue loss 

Total number 
animals 

I 

II 

III 

rv 

V 

VI 

VII 

Untreated controls 









3 min. at —55° C. 

17 

0 

0 

'1 

2 

1 

6 

7 

2 min. at —55° C. 

5 

0 

4 

0 

0 

0 

1 

0 

60 min. at —15° C. 

4 

0 

1 

0 

1 

0 

1 

1 

Closed plaster casts 



! 






3 min. at —55° C. 

4 

1 

3 

0 

0 

0 

0 

0 

Closed plastic dressings 









3 min. at —55° C. 

9 

3 

1 0 

0 

0 

0 

4 

2 

2 min. at —55° C. 

5 

2 


0 

0 

0 

0 

0 

60 min. at —15° C. 

4 

1 


0 

0 

0 

0 

2‘ 

Rapid warming plus plastic dressings 
3 min. at —55° C. 

6 

1 


0 

0 

0 

1 

! 

0 

Plastic dressings plus cooling 

3 min. at —55° C. 








i 

6 

0 


0 

0 

0 

I 

2 

Raprid warming, plastic dressing, and 
cooling 

3 min. at —55° C. 

s 

1 • 

1 

0 

2 

0 

0 

1 

Pressure dressing 









3 min. at —55° C. 

7 

0 

4 

0 

0 

0 

0 

3 

2 min. at —55° C. 

5 

4 

1 

0 

0 

0 

0 

0 

60 min. at —15° C. 

3 

3 

0 

0 

0 

0 

0 

0 

Rapid warming plus pressure dressing 









3 min. at —55° C. 

5 

2 

3 

0 

0 

0 

0 

0 

60 min. at —15° C. 

3 

3 

0 

0 

0 

0 

0 

0 

Multiple incision plus pressure 
dressing 









3 min. at —55° C. 

7 

0 

2 

1 

0 

0 

I 

3 

Pulsating pressure 









3 min. at —55° C. 

13 

0 

1 

0 

2 

I 

0 

9 

2 min. at —55° C. 

2 

1 

0 


0 

0 

I 

0 


* The dressings were removed from the feet of these animals on the second and third dav after injurj-. 


II). Following 3-minute exposure of the foot at the foot was then cooled for 6 to 8 hours. Tiicrmo- 
— 55° C., a closed plastic (Sealskin) dressing couples were placed inside the dressings of rabbits 
was applied, permitted to drj- 15 to 20 minutes, and 84, 88, and 98 in order that the temperature of the 


Fig. 1. A. Rabbit Foot Exclosto in “Sealskin” Plastic Cast 
Leads from thermocouples enclosed in cast arc wound around the anhle. 

B. “Se.slskix” Plastic Cast Remo\td from Rabbit Foot a.vd Orr-Ncn to Show PArriNC 
C. Metiiaciuxate Plastic Csst after RrstovAL fto>; RArriT Foot 

D. Rabbit Foot PnoTOGEAnini) IS D.tvs after Ffostfite tct. 3 Idi?:. at —54* C 
Plastic cast applied after thawing and left in place for 7 days. 

E, Rabbit Foot PnoTor.R.\rnEO 18 Days .^ftet FirsTriTr ir- 3 .’.fiv. .sr —54' C. 
Pressure dressing applied 3’4 hours after injury and left in p’eee f'-r 4 days. Ti-.-r lerrl of i-n- 

mersion in the freering mixPure is indicated in D and E hy she tran", cr''- I--.-. 
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TAHLIi; n 

TTcalviciil of frostbite by dosed plastic dressings plus cooling 
Feet exposed at —Si'^C. to —56° C. for 3 minutes. 
Closed plastic dressing applied after thawing. Cooling 
began immediately after dressing dried (about 15 minutes). 


Atii- 

in.il 

num- 

ber 

CooliiiR 

Days 

drers- 

ioR 

left 

in 

place 

Result 

S4* 

Cooled to +1.S'’C. 

for 6 hours 

.S 

Lost to level of frostbite 

87 

P.icbcd in ice 8 hours 

5 

Ixjst to level of frostbite 

88* 

Cooled to +1“ to +5° C. 
for 7 hours 

6 

Lost toes 

98* 

Cooled to +10° C. 7 hours 

5 

Lost toes 

103 

1 

Cooled in ice 7 hours ^ 

6 

Lost to level of frostbite 
except 3 cm. tonRuc of 
tissue on plantar surface 

104 

Cooled in ice 7 hours 

6 

Lost toes 


* Thermocouples placed inside dressing. 


foot could be maintained at 5° to 10° C. during 
the cooling period. Three of these animals lost 
only the toes, while 3 lost an amount of tissue 
similar to that in untreated animals. 

Rapid wanniug jollozvcd by dosed plastic dress- 
ings and cooling. In 5 animals the treatments 
used above were combined. Immediately after in- 
jury (by exposure of the foot for 3 minutes at 
— 55° C.), the foot was warmed 5 minutes in 
water at -!- 42° C., encased in a plastic (Seal- 
skin) dressing, and, then cooled with ice during 
the next 5 to 6.5 hours (Tables I and III). This 
procedure did not seem to produce results superior 
to those obtained by closed dressings alone or by 
rapid warming followed by closed plastic dressings. 


TABLE in 

Treatment of frostbite by immediate rapid warming 
plus closed plastic dressings plus cooling 
Feet exposed at — 53° C. to — 55° C. for 3 minutes, 
warmed in water at +42° C. for 5 minutes. Closed plastic 
dressing applied immediately after warming: cooling began 
immediately after dressing dried (about 15 minutes). 


Cooling 


Cooled at +S to +12 C. 
for 5 hours 

Cooled in ice 6.S hours 

Cooled in ice 6 hours 
Cooled in'ice 6 hours 

Cooled in ice 6 hours 


Result 


Lost distal and middle pha- 
langes of all toes 
Lost to 1 cm. distal to level 
of frostbite 
Lost toes 

Lost to I cm. distal to level 
of frostbite 

Lost to level of frostbite 


Days 
dressing 
left in 
place 


TEMPERATURE MEASUREMENTS OF FOOT ENCASED 
IN PLASTIC DRESSINGS 

Method. In 11 animals thermocouples were placed on 
the toes or on the dorsum of the foot, or both, before ap- 
plication of the plastic dressings. The thermocouple leads 


were brought out tlirougli the proximal end of the dress- 
ing and were wrapped around the animal’s leg, as shown in 
Figure 1, so as not to interfere with its movement in the 
cage when temperatures were not being measured. Tem- 
perature measurements were made with a Leeds and 
Northrup Potentiometer Indicator using iron-constantan 
thermocouples attached to copper discs 7 mm. in diameter. 

In 6 of the animals llic thermocouples were pri- 
marily for the purpose of measuring the tempera- 
ture inside the dressings during cooling of the feet 
following injury. Measurements of the tempera- 
tures were, however, continued for the period dur- 
ing which the dressing was left in place. 

In the remaining animals, temperature measure- 
ments were made during the first several hours 
after application of the dressing and at intervals 
during the ensuing 5 to 7 days. It was found that 
the temperature of the foot inside the dressing gave 
an accurate indication of the blood supply to the 
injured part. In those feet or parts of feet which 
were subsequently lost, the temperature (measured 
by the thermocouples ivithin the dressing) either 
failed to rise above about 26° C. to 29° C. or fell to 
this level after 24 to 48 hours. Figure 2 shows 
temperature measurements of the toes and dorsal 
surface of the feet of 2 animals during the period 
that the dressings were in place. In both in- 
stances the feet were exposed for 3 minutes at 
— 55° C. Plastic (Sealskin) dressings were 
applied immediately after thawing occurred. In 
No. 32, padding was used between the toes- and 
around the foot in such a manner that uneven pres- 
sure was avoided. The temperature of both the 
toes and dorsum increased rapidly and remained 
high throughout the period of measurement. Tis- 
sue loss was confined to 1 toe. In No. 30, no pad- 
ding of any kind was used between the toes and it 
was afterward found that excessive pressure oc- 
curred around the base of the metatarsals. In this 
animal the temperature within the dressing in- 
creased more slowly, never exceeded 30° C., and 
fell again after 24 hours. Loss of the entire in- 
jured area with the exception of a narrow segment 
on the plantar surface occurred. 

The incorporation of thermocouples for frequent 
measurement of skin temperature within closed 
dressings employed in human surgery might offer 
a convenient and accurate means of determining 
the state of blood flow to the part when it is not 
possible to determine this by direct observation. 
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HOURS AFTER FROSTBITE 


Fig. 2. Temfeilwures of Rabbits’ Feet in Padded and Unpadded Plastic Casts 
Feet exposed for 3 minutes at — 55° C. Thermocouples placed on dorsum of foot and be- 
tween toes before application of cast Representative data from 2 animals. 

Solid circles and solid line — temp, of dorsum in padded cast. Solid circles and broken line — 
temp, of toes in padded cast. Open circles and solid line — temp, of dorsum in unpadded casL 
Open circles and broken line — temp, of toes in unpadded casL 


RESULTS OBTAINED BY THE USE OF ELASTIC PRES- 
SURE DRESSINGS AND BY PRESSURE DRESSINGS 
IN COMBINATION WITH MULTIPLE INCI- 
SION OR RAPID WARMING 

These dressings were, in ever)’ case, applied after 
swelling had reached its maximum. They offer 
the advantage, over closed plaster or plastic dress- 
ings, of not requiring immediate application. 

Elastic pressure dressitigs. Elastic pressure 
dressings, without other treatment, were applied 
to the feet of rabbits injured by exposure for 3 
minutes at — 55° C.. for 2 minutes at — 54° C.. 
and for 50 minutes at - 15° C. (Table I). The 
results should be compared with those obtained 
in untreated cold injury of similar duration. It is 
evident that tbc amount of tissue loss was reduced 
in most animals. Following 3-minutc exposure 
~ C., 4 out of 7 animals lost only tb.c toes. 

\\ itb the 2 less severe degrees of cold injure, part' 
of tl'.c toes were saved in all except 1 animal. 


Rapid zi’anuwg joIlotL'cd by clastic pressure 
dressings. Rabbits’ feet exposed for 3 minutes at 
— 53° C. to — 55° C. or for 60 minutes at — 15° 
C. were immediately warmed in water at -f 42° 
C. for 5 minutes, then permitted to swell for 40 to 
ISO minutes before application of elastic pres- 
sure dressings. In all S animals the results were 
uniformly good (Table I). Following 3-mimitc 
exposure at — 55° C., parts of the toes were saved 
in 2 animals. 

Multiple incision joHo'ird by elastic pressure 
dtessings. The mctliod of multijile incision, intro- 
duced by Nocsske (8). was applied to frostb.ite by 
Wittek (9) and Bundschub. (10). .-Mtiiongl: ti-.'-ir 
results may 1)C qt:estioncd on th.c gro’.m.d- l i in- 
adequate numbers of control ti;e r<::r. 'vr.l 

of fluid and tb.c cstablisb.ment f f free drr.ir.-c:- 
beforc application of pre.-snre <;:< - ir.::- n.:.;. 
to 1'^ dcfimblc-. Seven Cinin'.r.*' v. rre n- 

th:5 r::«r.r,cr f.’-- 'nrr — 55' 
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C. (Table I). In the first 6 animals, 3 incisions 
were made through tlie skin of the dorsal surface 
parallel to the long axis of the foot. In the sev- 
enth animal similar incisions were made on the 
toes. In order to encourage free drainage the 
incisions were packed with a small amount of 5 
per cent sulfathiazole cream before application of 
the pressure dressings. Although the animal in 
which the toes were incised lost only the toes, the 
results are not superior to those obtained by 
means of .pressure dressings alone. The added 
danger of infection probably constitutes sufficient 
grounds for avoiding this method of treatment in 
clinical practice. 

TREATMENT OF COLD INJURY BY PULSATING 
EXTERNAL PRESSURE 

Pressure pulses transmitted through tissues 
from arteries and arterioles have been shown to 
be one of the important dynamic agencies in the 
maintenance of lymph flow (11). To the extent 
that edema following severe injury by cold (1, 2) 
may be responsible for some of the changes lead- 
ing to gangrene, the acceleration pf lymph drain- 
age of edematous areas should be helpful in re- 
versing the processes which lead to the develop- 
ment of gangrene. Even in circumstances where 
gangrene does not occur, the swelling has been 
shown to lead to induration and later formation 
of collagenous scars in the subcutaneous tissues 
(12). Past experience has shown that most cases 
of accidental injury by cold, especially in military 
operations, do not receive treatment until a con- 
siderable time after exposure, and edema is then 
usually well advanced. The literature has been 
reviewed in the first paper of this series (7). 

The experiments below were undertaken to 
study the effects of external application of pulsat- 
ing pressure upon the course and ultimate results 
of severe injury by cold in the feet of rabbits. 

( 

Methods 

Fifteen rabbits were used in the study. Thirteen of the 
animals were subjected to a degree of injury by cold 
which had been shown to produce extensive gangrene 
(Table I) ; 3 minutes at -50° C. to -56° C. The re- 
maining 2 animals received injury to the feet which 
usually resulted in some gangrene and loss of the toes: 
2 minutes at the same temperatures used above. 

Treatment was begun at varying times after injury. 
In all cases swelling was allowed to progress practically 


to its maximum. Tiic times of application of treatment 
arc indicated in Tabic IV, 

External pulsating pressures were applied to the in- 
jured feet by enclosing them in a heavy glass cylinder 
having an internal diameter of 2 inches. The cylinder 
was filled with water and connected to'thc source of pres- 
sure with hcavy-wallcd pressure tubing. Various' mctiiods 
were used to maintain a closed system with the foot inside 
the cylinder, / The first method involved the use of a heavy 
rubber diaphragm, having a hole 2 cm. in diameter in 
its center, A short cuff of thin-walled latex drain tubing 
was cemented to the edges of the hole and extended at 
right angles to the plane of the diaphragm. The hole 
through the diaphragm and the lumen of the cuff were 
distended by stretching, and the foot was introduced in 
such a way that the diaphragm enclosed the leg just above 
the ankle joint and the cuff extended distally along the 
foot. The free margins of the diaphragm were then se- 
cured in tlic manner of a gasket to the end of the glass 
cylinder and held in place by a ring plate and bolts. Be- 
cause of some fear that the closure about the rabbit’s legs 
might occlude venous blood flow or lymph drainage, the 
tight latex rubber cuff was replaced by a looser one ex- 
tending proximally from the diaphragm : this was secured 
about tlie part of the leg proximal to the diaphragm by 
a collar of sponge rubber. The first 4 animals listed in 
Tabic IV were secured in the apparatus for pulsation by 
the first method of closure described. The next 3 animals 
were secured by means of the closure witli a sponge 
rubber collar. The remaining 5 animals were given 
pulsation treatment under conditions which effectively 
prevented occlusion of blood flow or lymph drainage by the 
use of a dipped latex bag with a reinforced collar at the 
open end. The bag was introduced into the glass cylinder 
and the open end everted over the open end of the cylinder. 
This formed a closed system having a flexible portion 
invaginated to receive the foot. 

Two types of apparatus were used as sources of pulsat- 
ing pressure. Apparatus “A” (Table IV) consisted of a 
perfusion pump, artificial peripheral resistance, and air 
chamber. Propulsion of fluid by the pump was effected 
by the compression and forward movement of fluid in a 
segment of rubber tubing by 4 brass rollers mounted on 
the periphery of a rotating drum. Mean pressure level 
was determined by the compression pressure in a standard 
artificial peripheral resistance of the Starling type. The 
frequency of pulsations was determined by the rate of ro- 
tation of the drum and the size of the pressure pulses by 
the degree of compression of the rubber tubing by the 
rollers. 

Apparatus “B" consisted of a pump constructed from a 
5-ml. syringe mounted on a universal joint. The plunger 
of the syringe was moved by the arm of a crank driven 
through reduction gears. An adjustable air chamber con- 
structed from a 50-ml. syringe provided for variable 
damping of the pulse waves. Frequency of pulsations was 
altered by changing the drive to the reduction gears, and 
'the volume of the pulse was adjusted by manipulation of 
the stroke of the syringe plunger. 
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TABLE IV 


Treatment of frostbite by means of pulsating external pressure 


Animal 

no. 

Time elapsed 
before treat. 

Pressure 

Rate 

Duration of 
pulsation 

Result 


hours 

mm, Sg 

puls. Per min. 

hours 



Feel exposed at — 50° C. to —55° C. for 3 minutes 


9 

24 

+110/+90 

208 

1 

7 

Lost to level of frostbite 

11 

3 

+111/+91 

208 

3 

Lost to 1 cm. distal to level of frostbite 

13 

' 2 

+90/+64 

208 

2.5 



' 22 

+90/+64 

208 

8 

Lost to level of frostbite 

35 

3 

+41/+34 

208 

3 

Lost to 1 72 cm. distal to level of frostbite 

54 

4 

+42/+38 

208 

2.5 

Lost toes 

63 

3 

+45/+3S 

208 

2.5 

Lost to level of frostbite 

87 

2 

+307-10 

1 60 

3 

Lost to level of frostbite 

103 

1.5 

-i-50/+10 

60 

5.5 

Lost to level of frostbite 

116 

1 

+40/-30 

60 

5 



22 

+40/-30 

60 

5 

Lost to level of frostbite 

86 

1 

+697+12 

60 

5.5 

Lost to level of frostbite 

106 

2 

+27/-43 , 

60 , 

5.5 

Lost to 1 cm. distal to level of frostbite 

133 

3.6 

+107-10 

24 

3.5 



24 

+ 107-10 

24 

4 

Lost to level of frostbite 

138» 

2 

1 

+127-8 

24 

5 

Lost to level of frostbite 



Feel exposed at 

-55° C. to - 

56° C. for Z minutes 

133 

1.5 

+201-22 

24 

4.5 

Lost to level of frostbite except 3 cm. tongue of tissue 






on plantar surface 

119 

1.5 

+307-30 

24 1 

5 

Lost toes except first phalanx of 2nd. and 3rd. 


* Frostbite followed by rapid thawing in water at +42° C. for 5 minutes. 
Nos. 9, 11, 13, 35 — ^Apparatus "A,” tight cuff of latex drain tubing. 

Nos. 54 and 63 — Apparatus “A,” sponge cuff. 

No. 87 — Apparatus “B," sponge cuff. 

Nos. 103, 116, 86, 106, 133, 119, 138— Apparatus "B,” no cuff. 


The type of apparatus used for the treatment of the 
\-arious animals is indicated in Table IV. 

Results 

Tlie pertinent data from these experiments are 
presented in Table IV. The pulsation rates and 
the magnitudes of the pulse waves in the first 7 
animals were selected to reproduce rather closely 
the pulsations to be expected in the small arteries 
of the extremities. The frequencies and' magni- 
tudes of pulse waves in the last 6 animals were 
employed to avoid possible interference witli blood 
flow which might have been encountered with the 
nse of higher pressures and also in order to repro- 
duce influences upon lymph flow which resembled 
tiiose resulting from muscular activity. 

None of the feet treated by c.xtcmal pulsating 
pressure was found to decrease in volume during 
the period of treatment. In tlie interval from IS 
to 21 liours after the foot was removed from the 
pressure cylinder, there was ustmlly some addi- 


tional swelling amounting to 1 to 3 ml. The time 
course of decreasing foot volume was usually a 
little more rapid than that of the untreated con- 
trols, but the difference was neither marked nor 
uniform. 

The final result of the injurj- did not differ from 
that in untreated animals. Exposures of 3-minute 
duration to the freezing mixture at — 50° C. to 
— 56° C. produced gangrene and loss of the foot 
to within a few millimeters of the line of immer- 
sion, and 2-minute exposures to these tempera- 
tures was followed by loss of the toes. Th.c time 
intcr\'al between the exposure to cold and the loss 
of tissue was the same as that in the controls. 

ST.STISTICSL SL'.M.M.^EV OF R.'T.SCLT? 

-Analysis of th.e rc.sul!s was carried out by i!;e 
“exact" metliod of Fish.cr (13) for -i-fold tables 
Tile criterion of comparison of control animal' 
with treated ."inim-ils dep-er.ded ujon the di'trilu- 
tion of degree^ o; ti'^'^ue lo". in t'r.e contri-l'. '.If v 
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of the control animals fell into class I or II (par- 
tial loss of toes or complete loss of toes). There- 
fore, the trcale'cl animals were compared with the 
controls on the basis of the number of animals in 
each scries which fell into tissue loss classification 
I and II as distinguished from those falling into 
classes III to VII. Thus, for purposes of statis- 
tical anal)’sis, no result was regarded as favorable 
unless the loss of tissue was restricted to the toes 
or parts of toes. Only the data from animals in- 
jured by exposure for 3 minutes at — 50° C. to 
— 56° C. were included in the statistical analysis. 
The values of P in Table V indicate for each type 


TABLE V 

Stalistical summary of results* 


Treatment 

Num- 
ber of 
nni- 
mals 

P 

Rapid warming and plastic cast 

6 

0,000020 

Rapid wanning and pressure dressing 

5 

0.000038 

Plaster cast 

4 

0.000170 

Pressure dressing 

7 

0.003300 

Plastic oist and cooling 

6 

0.011000 

Plastic cast 

9 

0.032000 

Rapid warming, plastic cast, and cooling 

5 

0.034000 

Multiple incision and pressure dressing 

7 

0.076000* 

Pulsating pressure 

13 

0.433300** 


* Difference from controls of doubtful statistical sig- 
nificance. 

** Difference from controls not statistically significant. 


of treatment the probability of encountering the 
indicated reduction in tissue loss by chance. The 
various treatments are arranged in the order of 
their effectiveness in preventing gangrene. The 
probability values indicate that significant degrees 
of benefit were achieved by the use of non- 
distensible dressings and by pressure dressings, 
but favorable results were even more frequently 
encountered when these di'essings were combined 
with other treatments, especially immediate rapid 
warming. 

DISCUSSION 

The methods of treatment of cold injury de- 
scribed in this report have in common the attempt 
to control fluid loss from the blood stream in the 
region injured by cold. As measures of preven- 
tion, control has been effected through the applica- 
tion of non-distensible dressings before swelling 
occurred; as aids to the removal of edema fluid, 

* See text for basis of comparison and method of com- 
puting values for P. 


clastic pressure dressings, the incision of swollen 
tissues, and the application of external pulsating 
pressure have been employed. The results show 
that prevention of swelling or the reduction of it 
by means of clastic pressure dressings is capable 
of altering the course of changes in tissues severely 
injured by cold. In contrast to the complete loss 
from gangrene of the part subjected to injury 
when no treatment is used, there is a striking re- 
duction in the extent of gangrene following the 
application of a non-distensible dressing before 
swelling lias occurred or the use of an elastic pres- 
sure dressing after swelling is maximal. In gen- 
eral, the amount of tissue saved by the use of 
measures designed to control swelling are some- 
what smaller than the proportion saved by imme- 
diate, rapid warming (12). However, the best 
results obtained with pressure dressing or with 
casts are equal to those following rapid warming 
in terms of amount of tissue saved and much 
superior to those obtained by rapid warming in 
terms of functional recover 3 L Cold-injured tissues 
which escape gangrene and survive following treat- 
ment by immediate, rapid warming are thickened 
by massive induration in the early healing period 
and later by dense accumulations of collagenous 
scar tissue. If the injuries are treated b}"^ casts 
or pressure dressings, alone or in addition to rapid 
warming, induration and accumulations of scar 
tissue are insignificant. 

The success or failure of treatment of cold in- 
jury by the application of casts or pressure dress- 
ings depended to an important degree upon the 
manner of application of the dressing and also 
upon the nature of the material used for padding. 
Unequal distribution of pressure, especially over 
bony prominences, contributed greatly to the de- 
velopment of gangrene. The irregular contours of 
the rabbits’ feet, after removal of the hair by clip- 
ping, proved to be extremely difficult to pad 
evenly. Of the various materials tried as padding 
(paper wadding, absorbent cotton, gauze, and 
lamb’s wool), the wool was the most satisfactory 
in both casts and pressure dressings. Both paper 
and cotton tended to become matted and stiff 
with absorbed exudate, while the lamb’s wool 
without losing resilience permitted the continued 
drainage of exudate. The almost invariable loss 
of the toes following the severest injury (exposure 
of 3 minutes at — 55° C.) and the partial loss of 
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toes following the. less severe degrees of injury 
may be attributed in part to unsatisfactory applica- 
tion and maintenance of pressure in these parts 
of the feet. The relationship between the mass 
and the surface area of the toes tended to facilitate 
their reaching a lower temperature during expo- 
sure, and the larger number .of arteriovenous anas- 
tomoses contributed to early stasis by diverting 
blood flow away from the true capillaries (2). 
The above factors and undoubtedly others, as yet 
undefined, combine to determine the greater sus- 
ceptibility of the toes to cold injury. 

The results of treatment of cold injury by early 
mechanical control of the edema, by immediate 
rapid warming (12), and by the use of heparin as 
described by Lange and Boyd ( 14) all confirm the 
opinion of Bigelow (15) that stasis is not neces- 
sarily an irreversible process. The interruption of 
the transition from temporary arrest of blood flow 
by stasis to permanent arrest by thrombosis may 
be accomplished by a variety of means. In spite 
of the apparently diverse mechanisms of action of 
these methods of treatment, they have in common 
the essential feature that all of them must be ap- 
plied early and continuously over an appreciable 
time period in order to be effective. 

It should be pointed out that the “reversal of 
stasis,” in the literal sense of restoration of blood 
flow through the identical capillaries once occluded 
by packed red blood cells, is not a necessary condi- 
tion determining the survival of tissues severely 
injured by cold. However it may be accomplished, 
the necessary condition is the supply of oxygen 
and nutrients and the removal of metabolites. 
Resting tissues are maintained under normal con- 
ditions with blood flowing through only a very 
few of the total number of capillaries available, 
the flux of tissue fluid being adequate for the 
supply of cells remote from open capillaries (16). 
If such a flow of fluid can be maintained for a 
sufficient time in tissues severely injured by cold, 
new capillary channels may grow to replace those 
obliterated, initially by stasis and later by throm- 
bosis. 

In untreated experimental frostbite, the develop- 
ment of massive edema is accompanied by rising 
interstitial fluid pressure (17). ^Vben tb.c edema 
reaches its maximum (.about 2 b.ours after the 
^evcrcst forms of injury descril>cd in this report) 
l‘!c ir.terstitial ffmd pressure is 25 cm. of water. 


Not only is the rate of filtration sharply limited by 
the high counterpressure, but many of the minute 
vessels become closed, both by the rise of pressure 
surrounding the vessel above that tvithin the lumen 
and by kinking as the tissues are distorted by 
edema. An additional harmful consequence of 
edema is the increased distance over which diffu- 
sion exchanges must be accomplished between 
remaining capillaries and surviving cells. 

It is probably safe to assume that the fluid dy- 
namics are essentially the same inside the non- 
distensible dressings used for the treatment of 
frostbite as those described by Glenn, Gilbert, and 
Drinker (5) when such dressings were used for 
the treatment of experimental bums. Even 
though a high rate of fluid loss from capillaries 
may persist, the rigid dressing enforces a uniform 
rise of pressure in all parts of the foot enclosed 
within the cast ; spatial distortion is prevented and 
rapid removal of fluid is effected via tlie Ijmiphatics 
as well as by seepage through the interstitial com- 
partment. The mechanism of action of elastic 
pressure dressings is conceived to be fundamentally 
similar with the exception that such dressings are 
applied after swelling and hence have, in the early 
phases, a dynamic rather than a passive role in 
removal of fluid. 

In untreated e.xperimental frostbite, the skin 
temperature of injured feet of rabbits declined 
gradually over a period of about 48 hours until 
tlie temperature was approximately that of the 
envnronment (1). When skin temperature meas- 
urements were made on casted feet by means of 
thermocouples on the skin and enclosed in the cast, 
it was found tliat those parts which survived the 
injury remained warm while those destined to l>c- 
come gangrenous in spite of the treatment suffered 
the usual fall in temperature. It therefore seems 
erident that arrest of the usual process of progres- 
sive vascular occlusion is in some way brought 
about by the cast or pressure dressing. Removal 
of dressings as early as the third or fourth day 
after injury resulted in gangrene and lost of th.c 
entire injured region. TIius, tiic interruption of 
the injury process does not become stabiHred 
until the dressings have been left in place for 5 to 
7 days. While th.c c.xact nature of the cl.nr.ge it 
not known, the time rtlaticnt are at lec-ft crr.-i'ter.t 
with the following h.yjv-.thetiral c- ::ric rf e'.'cr t':: 
(»:1 prim.ary starit r f cat illarie- ' Ih,-. ;:--g t; e 
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initial injury, (b) persistence of filtration from 
artcriolar-venular capillaries (16) in amounts suf- 
ficient to maintain cells which survive the original 
injury, (c) the growth of new capillaries in suf- 
ficient numbers to provide for fluid removal and 
maintenance of cells by the time the dressings are 
removed. 

SUMIvrARY 

Prevention of gangrene following experimental 
frostbite in the hind feet of rabbits was attempted 
by mechanical control of edema with casts and 
pressure dressings. Combinations of rapid warm- 
ing and subsequent cooling with casts and pressure 
dressings were also studied. 

The injuries were of sufficient severity (immer- 
sion in liquid for 3 minutes at — 55° C.) to pro- 
duce loss of virtually all of the exposed part of the 
foot in control animals. In similarly injured ani- 
mals, treated b}'' the above methods, marked im- 
provement was noted. Gangrene was restricted 
to the toes or parts of the toes in a highly sig- 
nificant number of cases. 

The most favorable results were obtained by the 
use of rapid warming followed either by casts ap- 
plied before swelling occurred or by pressure 
dressings applied after maximum swelling. Casts 
or pressure dressings alone produced significantly 
favorable results. The maintenance of low skin 
temperatures (5° to 10° C.) in casted frostbitten 
feet produced better results than did casts 
alone, but the difference was slight. Multiple in- 
cisions through the skin of the injured regions, 
followed by the application of pressure dressings, 
led to survival of more tissue in the frostbitten feet 
than was observed in the controls ; but the low sta- 
tistical significance of the difference suggests that 
the procedure is of doubtful value. External ap- 
plication of pulsating pressure was completely in- 
effective in preventing gangrene. 

Various factors influencing the successful use 
of the treatments have been discussed and a pos- 
sible mechanism by which control of edema may 
prevent gangrene was suggested. 

The authors extend thanks to Professor F. W. Wey- 
mouth for his advice in the preparation of this manuscript 
and for the statistical treatment of data. 
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INTRODUCTION 

That the rapid release of potassium from eryth- 
rocytes during an episode of generalized cutaneous 
hyperthermia may cause an increase in plasma po- 
tassium sufficient to contribute to the occurrence 
of circulatoiy failure and death was suggested by 
Schjeming in 1884 (1). The suggestion was 
based in part on the fact that postmortem examina- 
tion of extensively burned persons often disclosed 
evidence of severe intravascular hemolysis and in 
part on the fact that a sufficient amount of potas- 
sium may be released from erythrocytes in vitro to 
raise the plasma concentration of that element to 
a level incompatible with continued cardiac func- 
tion. 

In a foregoing study (2) in this series, it was 
observed that generalized cutaneous exposure to 
excessive heat may lead to rapidly fatal circulatory 
failure. In several pigs that died in this manner 
and whose deaths were preceded by electrocardio- 
graphic evidence of severe disturbances in cardiac 
function, the plasma potassium was found to be in- 
creased to levels ordinarily considered incompatible 
with life. The implication of this obser\'ation was 
such as to warrant further study of the effects of 
hyperthermia on the potassium concentration of 
the plasma. 


E.XPERIMENTAL PROCEDURE 


Samples of blood for chemical analysis were obtained 
from the heart by means of an inlj-ing jugular cannula. 
Potassium determinations were carried out on the trichlo- 
roacetic acid filtrate of plasma and lysed blood according 
^ the method of Lowry and Hastings (3) as modified by 
Cohn and Tibbetts. Hematocrit was determined in Win- 
trobc tubes after centrifuging for 30 minutes at 2,500 
r.p.m. ^le method of Bing, et cl (4), as modified by 
am (5) was used for determining plasma hemoglobin. 


‘ Tliis work has been done under Contract KDCrc-U 
Utween the President and Fellows of Ham-ard Colleg 
and the OlTiec of Scientific Rc.'earcli and Develcpme: 
who assume no responsilii’.itv for the acairacv c* t’' 
statements contained herein. ' - • • 


Whole blood hemoglobin was determined on 0.1 ml. of 16 
dilution of blood in 5 ml. dilute ammonia by the Klett- 
Summerson colorimeter. 

Before undertaking further investigation of the rela- 
tionship of hj-perthermia to the development of hyper- 
potassemia, an experiment was undertaken to determine 
the effect of sj-stemic anoxia on the potassium concen- 
tration of the plasma independently of hj-perthermia. 

A control sample of blood was taken from an 82 kgm. 
pig. The trachea was then exposed and clamped and 4 
and 8 minutes later, additional samples of blood were 
obtained. The animal died at the end of 8 minutes and was 
allowed to remain on the operating table at room tem- 
perature for an hour thereafter, at which time, ' the 
fourth and last sample of blood was withdrawn. The 
analytical results are shown in Table I. 


TABLE 1 

Changes in the blood of a pig during and after 
death by strangulation 


Blood 

with- 

drawn 

1 

Volume 

packed 

cells 

Hemo- 
globin 
in cells 

Hemo- 
globin 
xn plasma; 
Hemo- 
lysis 

Potassium 
in red 
cells 

Potassium 
la plasma 

Control 

45 

Zrar:s Prr 
JOO rrj. 

33 

per CfrA 

0 

TTtrff. per L. \ 

132 

per L, 

5.2 

0 min. 

Trachea clamped 

4 min. 

49 

31 

0 

128 

9.1 

S min. 

48 

34 

0 

130 

9.3 

8 min. 

.Vnimal died 

6S min. 

? 

1 ' 

0 

> 

16.8 


It may be seen that the piasma potassium leve' v.as 
almost doubled during the 8 minutes tlat elapsed between 
tl'.e onset of asphj-xia and death. Most of Use inerrate 
occurred during the first 4 minutes of this t’criod. Tt;erc 
arc tsvo obricrus sources from which the increment may 
Ims'C been derived, one l>eir.g the eryuhrreyte: an 1 
ether the cxtravascular tissue. .A. c-m.pari' .n cf berrutc- 
cril and hem.oglol in erntent r: cells at live rm! cf th' -t- 
minute peri'yl indicates th.at sv.elli-r eryth.r '»”s't-*. bid 
occurred. Tiie h.emattcrit re’e frsm. -5 t ' - wlve-ai 
the hem.'alol indrcpre-! frem .*? to 31 reams ;'-r b'li ml. <• ; 
cells. It ayycars ti-it t'-,e e' •'rnied -'• sr'-a-- in - e-n- 
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ccntration of intracellular potassium from 132 to 128 
mcq. per L. was probably due to tins swelling of red 
cells rather than to loss by lealcage. Since the actual 
potassium content of the erythrocytes did not appear to 
have dropped and since there was no hemolysis, it was 
inferred that the potassium in the plasma had been in- 
creased by diffusion from extravascular sources. 

The need for taking blood promptly after death, if 
reliance is to be placed on analytical results, is illustrated 
by the rise in plasma potassium that occurred during the 
first hour postmortem. At death, the plasma concentra- 
tion of potassium was 9.3 mcq. per L., whereas 1 hour 


later it was 16.8. Although there is no evidence in the 
data presented in Table I as to the source of the post- 
mortem increment in plasma potassium, unpublished 
studies indicate that both leakage from red blood cells 
and diffusion from cxtravascular tissues may cause a post- 
mortem rise in plasma potassium. So far as the signifi- 
cance of this e.\pcrimcnt in providing control data is 
concerned, it is apparent that a two-fold rise in plasma 
potassium may occur as a result of severe sj’stemic anoxia 
independently of hyperthermia. 

In order to correlate chemical data with known de- 
grees of cutaneous hyperthermia, it was decided to sub- 
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0.0 
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35 
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-f 

36M 

36 

35 

0.2 
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10.2 
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0.2 

5.6 

1056 
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37.8 



33 

37 

0.1 

118 
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Started 
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5.9 
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TABLE 11 — Conlinued 


D 

Time 

Thermal 

exposure 

Body 

tem- 

pera- 

ture 

Time 

of 

death 

Blood 

samples 

time 

taken 

Volume 

packed 

cells 

Hemo- 
globin 
in cells 

Hemo- 

globin 

in 

plasma: 

Hemol- 

ysis 

Potas- 
sium 
in red 
cells 

Total 

Potassiui 

Change 

m in plasm 

Potential 
incre- 
} ment^ 

; from 
hemol- 
ysis 

a 

Incre- 

ment 

from 

sources 

other 
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htir.ol- 

ysis 

919 

minutes 

Control 

0 

4 

5 

8 

10 

14 

17 

18 

Started 

75° 

Stopped 

°c. 

37.1 

44.3 

-h 

Control 

4M 

8M 

lOM 

14M 

17M 

45 

56 

47 

40 

35 

33 

grams per 
100 ml. 

33 

29 

26 

32 

37 

31 

per cent 

0.8 

7.8 

25.5 

22.2 

23.1 

30.1 

mq. 
per L. 

118 

81 

67 

? 

77 

72 

4.2 

25,5 

21.4 
18.3 
17.0 
j 17.5 

rr.eg 

-h21.3 

-i-17.2 
-f 14.1 
-{-12.8 
|-M3.3 

. per L. 

8.6 

20.2- 

? 
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15.2 

12.7 

913 
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26 

37 

0.0 
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3.5 
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2 
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35 
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3.0 
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32 

33 
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7 
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-f 

8M 

30 

32 
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16.0 
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* Right hc-irt temperature. 


merge animal? in hot water rather than c.\po5e them to 
hot air. By the former method, th.c temperature of llic 
surface of the skin could I'c controllcil with greater preci- 
sion tiun was possible by tlie latter. 

The experimental procedure tl'.at was followed in sub- 
merging antmals in hot water is described in detail in 
Study Vll ot this series (6), The a.nimals were anes- 
thrtired with ;>entnharhiul stvlium and l>etween O) and 
• a per cent c. she total b."*'}- surface tvas immtrse-f in h.-’t 
vater. Tn.e efTects on th.e blew! exp-sing 4 pigs -st 


this ma.nner at 47' C. and S j-igs at 7a‘ C. are jhw.n in 
Table II. 


RESULT.^ 
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In none of these was the magnitude of the increase 
comparable to that whicli was observed in some 
of the hot air exposures reported in Study IV of 
this series (2).' 

In the first two animals, it appeared that the po- 
tassium increase in the plasma was derived from 
cxtravascular sources. In one sample from the 
third animal the increase could have been due to 
leakage from red blood cells. In the fourth animal 
it could have been due in part to leakage from in- 
tact ei^^throcytes, and in part to diffusion from cx- 
travascular tissue. Cutaneous hyperthermia of the 
kind produced in these animals did not result in 
a significant amount, of intravascular hemolysis. 

Exposure at 75° C.: The chemical changes in 
this group were of a different order of magnitude 
than those observed in animals exposed at 47° C. 
All animals exposed for more than 3 minutes at 
75° C. developed plasma potassium levels in excess 
of 16 meq. per L. In most instances, such levels 
were reached during the first few minutes of expo- 
sure and were either maintained or increased as 
the period of exposure was prolonged. If the pig 
survived for more than a few minutes after the 
termination of the exposure, there -was a slow de- 
cline in plasma potassium concentration. Thus, in 
animal No. 919 the plasma potassium rose from 
4.2 to 25.5 meq. during the first 4 minutes of ex- 
posure, and during the next 4 minutes declined to 
17.4. 

The rapidity with which an excessively high 
plasma potassium level may fall is indicated by 
the discrepancies that were observed between esti- 
mated increments by hemolysis and total amounts 
actually present in the plasma. Thus, it may be 
seen in the case of pig No. 913 that with an incre- 
ment of 7 meq: per L. between the 2- and 6-minute 
samples by hemolysis, the actual plasma level rose 
by only 3.5 meq. Similarly, in pig No. 912 the in- 
crement by hemolysis between the 1- and S-minute 
samples was 14.9 meq. per L. whereas the total 
plasma potassium actually changed from 16.7 to 
16.4 during this period. 

In most of the animals exposed at 75° C., there 
was some increase in the volume of packed cells. 
The comparison of cell volume and hemoglobin 
content indicated that most, if not all, of the early 
increase in cell volume was due to swelling of 
er)rthrocytes rather than to loss of plasma or mobi- 
lization of cells from storage depots. 


It is of interest to note that plasma hemoglobin 
values as high as 24 per cent hemolysis were ob- 
served as early as 5 minutes after the onset of 
cutaneous hyperthermia. It was estimated that 
during this period the temperature in the vicinity 
of the most superficial blood vessels probably rose 
to approximately 70° C. 

Clicviical chatigcs in the blood of dogs caused 
by cutaneous hyperthennia: It was inferred from 
the foregoing experiments on pigs that most of the 
potassium responsible for these potentially fatal 
plasma levels cither leaked out of intact red blood 
cells or escaped from hemolyzed cells. If this in- 
ference is correct, fatal hyperpotassemia due to 
cutaneous hyperthermia would occur only in ani- 
mals ha\dng a Ingh concentration of potassium in 
the erythrocytes such as man or pig. Its occur- 
rence could not be expected in an animal having a 
low cellular concentration of potassium as is the 
case in dog’s blood. 

To test this assumption, samples of blood were 
taken from each of 5 dogs before and during im- 
mersion in hot water. The results of these ex- 
periments are shown in Table III. 

The animals were exposed at temperatures 
ranging between 55° and 75° C. until death oc- 
.curred. The highest potassium concentration ob- 
served in the erythrocytes in control samples of 
blood from these animals was 9.4 meq. per L., in 
contrast to the pig whose erythrocyte concentra- 
tions ranged between 106 and 145 meq. per L. 
The greatest potassium increase that occurred in 
the plasma of the dogs that died as a result of 
cutaneous exposure to heat was from 3.9 to 8.2 
meq. per L. 

The increments to the plasma potassium that 
were observed in these animals could not be ac- 
counted for by loss of potassium from the erythro- 
cytes. The potassium content of the red blood 
cells of the dogs characteristically rose during ex- 
I)osure in contrast to the loss of potassium that 
occurred from the erythrocytes of the pig. As in 
the case of the pig, there was severe intravascular 
hemolysis in animals exposed at 75° C. until death 
occurred. 

It can be inferred, therefore, that the develop- 
ment of a potentially fatal level of hyperpotassemia 
following cutaneous exposure to heat results from 
the rapid release of potassium from thermally , in- 
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Changes in Mood of dogs caused by immersion in hoi sealer 
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931 
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0 

5 

13 

21 

23 
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35.4 

41.4 

+ 
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5M 

13M 
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35 

41 

57 

57 
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100 ml. 

37 

36 

32 

33 

1 

per cent 

0 

0 

0 

0 

TTte^. per L. 

9.9 

8.1 

10.7 

11.2 

meq. per L. 

2.8 

5.2 

4.7 

6.9 

930 

Control 


36.9 


Control 

49 

34 

0.1 

4.3 

4.0 


0 

Started 










5 




5M 

66 

27 

17.9 

6.4 

3.3 


8 

60° 



8M 

65 

28 

20.2 

5.5 

4.7 


11 


39.1 


IIM 

62 

28 

23.8 

6.1 

5.3 

1 

17 

1 Stopped 


-f 

1 






929 

Control 1 


37.2 


Control 

49 

34 

0.3 

6.3 

3.9 


0 

Started 










3 




3M 

57 

29 

26.1 

7.0 

4.8 


9 

75° 



9M 

42 

37 

31.8 

5.7 

6.1 


13 


44.1 


13M 

39 

34 

35.8 

7.9 

8.2 


14 

Stopped 


-f- 

1 






922 

Control 


37.9 


Control 

42 

35 

0.2 

8.8 

3.1 


0 

Started 




i 






3 




3M 

47 

30 

22.9 

8.9 

5.8 


7 

75° 



7M 

47 

30 

29.5 

12.6 

6.4 


10 




lOM 

43 

29 

33.5 

7.9 

5.8 


15 

Stopped 

39,3 


15M 

45 

30 

31.4 

8.9 

6.8 

934 

Control 


34.6* 


Control 

41 

35 

0.1 

5.6 

3.1 


0 

Started ,.o 










25 

Stopped 

43.5* 

-1- 

25M 

40 

34 

31.9 

6.5 

6.9 


* Right heart temperature. 


jured red blood cells and that a high erjlhrocyte 
content of potassium is essential to its occurrence. 

In vitro effects of heat on pigs’ blood: It was 
thought that more precise information regarding 
the reciprocal relationships of temperature, time 
and the release of potassium from erj’throcytes 
could be obtained by heating samples of pigs’ blood 
in vitro. 

Heart’s blood was collected from normal pigs 
by cardiac puncture in a heparinized syringe where 
it was mixed and then discharged into heparin- 
ized glass stoppered vials. One vial was kept at 
room temperature as a control ; the others were 
stmjipcd to a mechanical mixer and immersed in 
a constant temperature bath. Exposure tempera- 
tures ranged between 44° and 63° C. during which 
time the blood was mechanically decanted from 
one end of the Hal to the other at a rate id 6 times 
per minute. It required approximately 2 minutes 


for the temperature of the blood to reach that of 
the water bath. As soon as a sample was removed 
from the water bath, it was immediately cooled in 
ice water nnd analyzed. 

It is apparent that there was a progressive in- 
crease in the rate at which potassium passed out 
of the erythrocjtes and into the plasma of the 
blood as its temperature was raised (Table IV). 
The amount of the plasma increment at the end 
of 1 hour's c.xposure at 40°, 4-1°, 48°, 51°, 52° 
and 55° C. were respectively 0.6, 1.6, 6.4, 6.4, 67 
and 14.3 meq. per L. At the lower te:n;>crnturcr 
(51° C. and under), the increments were d;;e 
almost entirely to leakage from intact cells. At ti;e 
end of 50 minutes cxfKisurc at 52' and 55' C . 
tljc proj>ortion cf tk.c jikasnu: incrcn'.e;;* cf r.tril u'.'rd 
by k.emolysis v.a,^ 2-5 a.nd 3-'^ per ce.nt re- , 

Uncquivo-aal evidence o; 'v.el'ir.;; ri erytl-.r^ - 
cytes was first ot.'ter'. cd .at 55' C. al'.’.' ■•;d; t'.rrr 
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TA1«-K IV 


Iti \’itro effects of heat on pigs' blood 




i 






Pot.if -ium in pI.ism.T 





VoUinic 

IlemoKlobln 
ill ceMti 

lIcnioi;Iob!n 
in pin.imn; 
Hemolysis 

t’otasrium 
in red cells 





Specimen 

Temp. 

lime 

pncl;c(J 

cell'. 

Tot.nl 

ClrnnKc 


[mum 





















"C. 

iitir.iiles 

■i 

srams per 
100 ml. 

Per cent 

wej. per L. 


TTlfQ. 

per 1.. 


l-'M7 

Control 

Control 

HI 

34 

0.1 

105 

3.2 





40” 

15 

HI 

34 

0.1 

113* 

3.5 

+0.3 


0.3 



30 


32 

0.3 

114* 

3.5 

+0.3 

0.1 

0.2 

1 


60 

30 

34 

0.1 

102 

3.8 

+0.6 

0.6 

2-9A9 

Control 

Control 

32 

33 

0 

99 

3.2 



HI 


44° 

15 

31 

33 

0.1 

107* 

3.9 

+0.7 





30 

31 

34 

0.1 

102* 

4.0 

+0.8 





60 

31 

33 

0.3 

97 

4.8 

+ 1.6 

0.1 


3-949 

Control 

Control 

31 

34 


104 

4.6 





48° 

15 

32 

31 

0.1 

101 

7.5 

+2.9 


2.9 



30 

32 

32 



9.2 

+4.6 


4.6 



60 

32 

29 

0.4 


11.0 

+6.4 

0.1 

6.3 

4-950 

Control 

Control 

33 

32 

0.0 

109 

4.3 





51° 

15 

35 

31 

0.8 

96 

10.2 

+5.9 

0.4 

5.5 



30 

34 

34 

0.5 

98 

11.8 

+ 7.5 

0.2 

7.3 



60 

36 

31 

0.7 

92 

10.7 

+ 6.4 

0.4 

6.0 

5-950 

Control 

Control 

34 

35 

0.1 

120 

4.2 





52° 

15 

35 j 

34 

0.8 

103 

10.0 1 

+5.8 

0.5 

1 5.3 



30 

35 1 

32 I 

2.7 

101 

10.4 I 

+6.2 

1.5 

I 4.7 



60 

36 , 

32 

2.7 

100 

10.9 

+6.7 

1.6 

! 5.1 

6-947 

Control 

Control 

31 

33 

0.1 

109 

4.2 





■ 55° 

15 

40 

28 

1.3 

85 

7.5 

+3.3 

0.7 

2.6 



30 

37 

30 

5.7 

87 , 

12.1 

+7.9 

3.0 

4.9 



60 1 

37 

30 

9.6 

i 

18.5 

+ 14.3 

4.4 

9.9 

7-1052 

Control 

Control 

38 

33 

0.0 

119 

3.6 




1 

60° 

5 

48 

28 

1.4 

S3 

12.6 

+9.0 

1.2 

7.8 

8-1052 

Control 

Control 

36 

35 

0.1 

■H 

4.1 




61° 

5 

45 

28 

3.5 

■■ 

20.8 

+ 16.7 

2.4 

14.3 

9-1052 

Control 

! 

Control 

34 

36 

0.0 

122 

3.9 




62° 

5 

33 

34 

11.7 

69 

30.8 

+26.9 

4.5 

22.4 

10-1052 

Control 

Control 

36 

36 

0.1 

121 

4.1 



26.5 

63° 

1 

5 

26 

' 34 

31.6 

58 

40.2 

+ 36.1 

9.6 


* These values must be due to analytical errors.’ 


may have been some swelling in all specimens ex- 
posed for more than 30 minutes at 48° and higher. 

The fate of change in the blood was much more 
rapid during exposures at 60° C. and higher. In 
these experiments the blood remained in the bath 
for only 5 minutes and the actual time during 
which it was at the temperature of the water was 
approximately 3 minutes. The rises in plasma 
potassium after such brief periods at 60°, 61°, 62° 
and 63° were respectively 9.0, 16.7, 26.9 and 36.1 
meq. per L. The blood was totally hemolyzed at 
65° C. 


Not until blood was heated at 60° C. or higher 
in a test tube were the observed increases in 
plasma potassium comparable to those that oc- 
curred in living pigs after cutaneous exposures at 
75° C. This is not to imply that the effects of 
hyperthermia on blood in a test tube are neces- 
sarily similar to those effects in a living animal. 
Attention has already been called to the fact that 
asphyxia without rise in temperature may cause 
hyperpotassemia in a living animal. Although the 
mean temperature of the blood of a living pig is 
never raised to 60° C., most or all of its blood 
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may in the course of its circulation through the 
over-heated dermis be brought to a much higher 
temperature than would be recorded by a rectal 
thermometer or intracardiac thermocouple. It 
will be recalled from the calculations made in 
Study I (7) of this series that the superficial por- 
tion of the dermis of a living pig reaches a tem- 
perature of 60° C. within a second after the sur- 
face of the skin has been brought to 75° C. It 
would appear quite possible then that the tempera- 
ture of a considerable portion of the blood of an 
animal that had received an extensive cutaneous 
exposure to water at 75° C. for as long as 5 min- 
utes would have been raised briefly to the neigh- 
borhood of 60° C. during its passage through the 
superficial subcutaneous tissue. 

Not until the temperature of the bath was raised 
to 62° C. did a 5-minute exposure of blood in a 
test tube result in hemolysis comparable to that 
obsen'ed in living pigs exposed to 75° C. 

Attention has already been directed to the fact 
that unequivocal swelling of erythrocytes was first 
observed in a test tube after a 15-minute exposure 
at 55° C. So far as could be judged by the 
hemoglobin-hematocrit ratios, swelling of erythro- 
cytes continued through 61° C., beyond which it 
was not observed. 

SUMMARY 

These experiments have established that severe 
and extensive cutaneous burning may result in a 
rapid rise in plasma potassium to levels ordinarily 
considered incompatible with life. Such levels are 
attained when a large proportion of the body sur- 
face of an animal whose eiy-throcytes normally 
have a high potassium content is maintained at 
temperatures as high as 75° C. for more than a 
few minutes. That lower surface temperatures 
may also be responsible for fatal h 3 'perpotassemia 
is suggested by the fact that potassium maj' be 
released rapidly from blood cells in z-itro at tem- 
peratures of 60° C. Because of the slowness with 
which potassium is released at lower temperatures 
and the rapiditj’ with which excess potassium 
ic-iYcs the blood stream, it is not likely that thcr- 
nnl e.xposures of insufficient intensity to caiise 
severe cutaneous buniing could cause sufficient 
damage to the erythrocytes to produce dangcrouslv 
high plasma levels. 


In vitro experiments on pigs’ blood indicate 
that there is rapid leakage of potassium from in- 
tact erythrocjdes when the temperature is raised 
over 60° C. and that rapid hemolysis occurs when 
the temperature is raised above 62° C. Leakage 
is accompanied by swelling at temperatures rang- 
ing between 55° and 61° C. So far as could be 
judged by the hemoglobin content of the cells, 
rapid release of potassium occurs without cell 
swelling at temperatures above 61° C. 

It was demonstrated that leakage from and 
lysis of red blood cells are the principal sources 
of the hyperthermic potassium increments of 
plasma. At the lower temperatures (47° C. in 
vivo and 48° C. in vitro) hemolysis is negligible. 
The increase in plasma potassium in vivo at these 
temperatures is due either to diffusion from e.xtra- 
vascular sources or to leakage from erjThrocj'tes. 
It was obvious that in the in vitro exposures at 
relatively low temperatures leakage from erj-thro- 
cj’tes was the only source of the plasma incre- 
ment. Although theoretically enough potassium 
could be released by leakage alone to account for 
potentially fatal plasma levels (in excess of 16 
meq. per L.) no such increases were observed 
wdthout accompanj-ing hemolysis. When blood 
was heated in vitro leakage contributed more than 
hemolysis to the attainment of such levels. In 
thermal exposures in vivo of sufficient duration 
and intensity to produce such high levels, hemoly- 
sis was the more important causal factor. 
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INTRODUCTION 

In a preHous study in this series (1), attention 
was called to the fact that acute hyperthermic cir- 
culatory failure in some animals was accompanied 
by, and probably contributed to, by large increases 
in the potassium concentration of the plasma. An 
investigation of the circumstances in and the 
sources from which thermally induced rises in 
plasma potassium occur has been reported (2). 

Although it appears that acute potassium poi- 
soning is probably one, it is obvious that it is not 
the only mechanism by which cutaneous exposure 
to heat may cause rapidly fatal circulatory failure. 
The following e.xperiments were undertaken to 
investigate more fully the physiological mecha- 
nisms by which cutaneous hj'perthermia may re- 
sult in acute circulatory failure and death. 

The acute physiological disturbances caused by 
systemic hyperthermia have attracted the attention 
of a number of investigators. Heymans (3) in- 
jected methylene blue into dogs anesthetized with 
chloralose. This produced a gradually mounting 
rectal temperature which reached the lethal level 
of 43.7° C. to 44.8° C. in 1 to 1^2 hours. The 
heart rate rose gradual!}' from 90 to 120 to 300 to 
330 per minute. At first, the respirations were 
deep and rapid (less than 200 per minute) ; after 
the temperature had risen to 41.5° to 43.5° C. they 
became very shallow and even more rapid (over 
300 per minute). Systolic pressure rose and dias- 
tolic pressure fell. Respiration almost always 
failed first, and artificial respiration enabled tlie 
heart to continue for a longer time. Reflexes per- 
sisted up to the time of respirator}' standstill. 
Uyeno (4) produced h}'perlliermia in cats, ancs- 
thetized w ith urethane, by exposing them to w'atcr 

" Tliis work lias been done under Contract NDCrc-169 
I'ctu-ee.'t tb.e President and Fellows of Hanard Co’.lefte 
and the Ofnee of 5cienti.6c Rescarc.b a.'td Dcvelorment 
wb.o ass'ume no resronsibility for the arcuraev of the 
statements con.Uined herein. 


of 41° to 42° C. or to a high environmental air 
temperature. During the 30 minutes of exposure 
the rectal temperature rose from 35° to 39° C. 
There was little increase in heart rate, but a pro- 
nounced rise in minute-volume output. Shortly 
after exposure the respirator}' rate increased to 
an average of 200 per minute. This breathing 
was very shallow (tidal air 2 to 3 ml. per minute) 
and sometimes resulted in a 29 per cent drop in 
arterial oxygen saturation. Cheer (5) placed dogs 
anesthetized with morphine and barbital in a 
cabinet heated by electric light bulbs. In 2 to 3 
hours a lethal (rectal?) temperature of 43° to 45° 
C. was reached. The heart rate increased pro- 
gressively until a temperature of 42° to 44° C. 
was reached, when the heart slowed rather sud- 
denly. Before this stage, electrocardiographic ab- 
normalities were limited to slight abbreviation of 
the PR inten’al, slight changes in the QRS com- 
plex, and inversion of the T wave. The terminal 
bradycardia was due to the development of nodal 
rh}'thm or of various other types of ventricular 
rh}'thm. Systolic and diastolic pressures remained 
fairly constant up to 41° C., then both dropped, 
the former more than the latter. The respirator}' 
rate also increased. Respirator}- standstill usually 
occurred before cardiac arrest, vagotomy delaying 
respirator}' failure. A progressive decrease of the 
blood carbon dioxide was found associated v.'ith 
slight alkalosis and rise of oxygen content which 
■were ascribed to the increased pulmonary ventila- 
tion. From the same laboratory, Wiggers and 
Orias (6) reported observations on tb.c cfTccts of 
short radio waves on dogs. Ti'.c cardiac accelera- 
tion, increase in rate and dcptl'. o: t!;c rcsjjiration. 
and primary' failure of tr.c rcspimlion were identi- 
cal with the findings of Cnccr (S'), iio'/.cvrr, in- 
stead of a decrease in blood prepare, a ri'e e: 
systolic and diastolic pressure '.va* ' ‘’.'er'.cd •.•.'del. 
progressed itntil death. 

Qinical ohser.T.tic ft; the etTc.-a 't 
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llicrinia were made by Ferris (7) cl al. Patients 
with heat stroke whose rectal temperatures varied 
from 39.9° to 44.0° C. exhibited a hot dry skin, 
a normal or elevated systolic pressure, which 
dropped to low levels only in the terminal stage, 
and venous pressures of from 2 to 12 cm. of saline. 
Their respiratory rate was 28 to 50 per minute. 
Of 29 patients (all comatose) whose temperatures 
exceded 41.5° C., 17 died; all others recovered. 

Attempts to analyze the disturbances obscn'cd 
in the intact organism by elevating the temperature 
in one organ have been made since 1872. Pick 
(8) heated the blood as it passed through the caro- 
tid arteries of the dog and noticed marked hyperp- 
nea without change in heart rate or blood pressure. 
Cyon (9) isolated the circulation of a dog’s head. 
Perfusion of the head with heated blood produced 
bradycardia and a drop in blood pressure. Kahn 
(10) warmed the carotid arteries of unanesthe- 
tized dogs without producing a rise in rectal tem- 
perature. He observed the development of tachy- 
cardia and a moderate rise in blood pressure. 
Moorhouse (11) heated the carotids and simul- 
taneously cooled the jugular veins in dogs. This 
resulted in tachycardia, rarely preceded by brady- 
cardia, ascribed respectively to increased sympa- 
thetic and vagal activity. Coincidentally, tachy- 
pnea and peripheral vasodilatation were observed. 
Heymans and Ladon (12) severed all connections 
except the vagal nerves between head and trunk 
of dogs anesthetized with chloralose. Artificial 
respiration was applied and the circulation in the 
head maintained by connecting it to a donor dog. 
The sublingual temperature of the preparation 
rose to 45° C. in hours. There was no change 
in the heart rate which had risen to 160 after 
severance of the cervical cord. The head exhibited 
a progressive and pronounced increase in respira- 
tory rate which persisted until a sublingual tem- 
perature of 45° C. was reached when the rate 
rapidly decreased and the reflexes of the head, 
which had been active up to that time, disappeared. 

The effect of hyperthermia on the heart was in- 
vestigated by Knowlton and Starling (13) using 
the innervated heart-lung preparation, perfused 
with heated blood. From 26° C. to approximately 
45° C. the heart rate was a linear function of the 
blood temperature, the rate at 45° C. being 180 
per minute. Above this temperature marked 


slowing occurred and the heart soon stopped. 
Arrhythmias occurred above 40° C. 

Summarizing these data, it can be said that in 
the dog, the highest rectal temperature compatible 
with life lies between 43° and 45° C., when this 
temperature is reached in 1 to 3 hours. Respira- 
tory failure often seems to precede circulatory fail- 
ure. Tachypnea, tachycardia, and peripheral 
vasodilatation seem to be, in part at least, of 
cerebral origin. 

The physiological changes of rapidly developing 
hyperthermia leading to death within hour have 
not been heretofore studied. As high environ- 
mental temperatures are needed for such experi- 
ments, the results are necessarily complicated by 
the damaging effect of heat on the skin directly. 
Moreover, these high temperatures will produce 
damage to the red blood cells that are circulating 
in tlie small vessels of skin and underlying tissues 
(Shen cl al, 14). 

EXPERIMENTAL PROCEDURE 

Young pigs, weighing from 6.4 to 18 kgm., and adult 
dogs, weighing from 7.4 to 8.5 kgm., were used as ex- 
perimental animals. They were anesthetized with pento- 
barbital sodium (32 mgm. per kgm. intraperitoneally) , 
shaved, and tied to a wooden animal board. This was 
lowered into a galvanized iron tank (92X46X41 cm.). 
The head of the board rested on a metal bar in tlie tank, 
so tliat it was slightly higher than the foot. A similar 
tank, placed on a high table, partly projected over the 
former. This tank was filled with water steam-heated to 
the desired temperature. In the bottom of the projecting 
part was a circular opening, 13 cm. in diameter, that 
could be closed with a heavy rubber and metal stopper. 
Removal of this stopper resulted in immersion of more 
than % the body surface of the animal in 8 to 10 seconds. 
During immersion, the temperature of the water, which 
was continuously stirred, was kept within narrow limits 
by intermittent introduction of steam. Drainage of the 
water and termination of exposure could also be accom- 
plished in 8 to 10 seconds. Temperatures ranging from 
44° to 75° C. were used. 

Previous to exposure, all animals were heparinized (3 
mgm. per kgm. intravenously). Because of spasmodic 
closure of the glottis on immersion, a tracheal cannula was 
inserted. The carotid pressure was recorded with a mer- 
cury manometer. The right auricular pressure was meas- 
ured by means of a rubber catheter introduced into the 
superior vena cava or right auricle by way of the external 
jugular vein and connected with a water manometer. The 
level of the right auricle as determined by opening the 
chest at the end of the experiment was taken as point of 
reference. In pigs the hydrostatic pressure did not in- 
fluence the auricular pressure. In dogs immersion resulted 
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in a considerable rise in recorded auricular pressure, so 
that only changes occurring during exposure could be 
compared. Pneumogram's were obtained by means of a 
copper cannula thrust between the ribs into the pleural 
space and connected by means of a rubber tube to a writing 
tambour. In other experiments, a tracheal cannula pro- 
vided with a sealed-in side tube connected to the tambour 
was used. 

Electrocardiograms were taken with an amplifier type 
of electrocardiograph. It was only possible to take the 
first standard lead, as the hind legs of the animal were un- 


der water. In some experiments, curarized animals were 
used and artificial respiration was applied throughout the 
exposure. Intocostrin (Squibb), 1 mgm. per kgm. di- 
luted with saline, was slowly injected intravenously. The 
side reactions were limited to a short (20 to 30 seconds) 
period of mild excitation. The drug had no effect on the 
arterial pressure. A second smaller dose usually had to be 
given 20 to 40 minutes later. A Palmer respiration pump 
for small animals which allows the air to escape spon- 
taneously on expiration was used. When venous pressures 
were recorded the animals were immersed in such a man- 


TABLE 1 

Rectal temperature, arterial pressure and electrocardiogram of IZ pigs immersed in hot u'ater 

A — Normal sinus rhythm (normal rate, tachycardia or bradycardia). Normal duration of QRS complc.v. 
A' — First or second degree A-V block. Normal duration of QRS complex. 

A" — Complete A-V block. Normal duration of QRS complex. 

B— Slight \ 

BB — Moderate VWidening of QRS complex without P wave. 

BBB — Pronounced] 

BBB — Can often be interpreted as ventricular fibrillation. 


Time 

Rectal 

temp. 

Arterial 

pressure 

EGG 

Time 

Rectal 

temp. 

Arterial 

pressure 

ECG 

Time 

Recta! 

temp. 

Arterial 

pre.«isurc 

ECG 

min. 

sec. 


mm. Hg 


min. 

sec. 

El 

mm. Ih 

m 

mm. 

sec. 

B 

mm. lit 


Pig 876 (7.7 kgm.) 48° C. 


Pig 895 (18.0 kgm.) 49 

° C. Curare. 

Pig 944 (10.4 kgm.) 47 

C. for 25 min. 


Died after 26.5 

min. 



Died after 32 min. 



Died after 99 min. 


Control 

34.3 

118 

A 


37.8 

148 

A 


38.1 

m 

SI 

16 

00 

44.0 

66 

A 


ESI 

41.9 

172 

A 

msM 


43.5 

Bra 


24 

30 

45.2 

42 

A 

25 

El 

43.7 

76 

A 



45.4 

Ira 

KH 

26 

30 

45.7 

76 

BB 

31 

m 

44.0 

10 

.•V 

B 


44.1 

B 

m 

Pig 875 (6.4 kgm.) 48-50'' C. 

Pig 943 (8.3 kgm.) 47 

° C. Curare. 

Pig 867 (■ 

'.3 kgm.) 64-65° C. 


Died after 35 

min. 



Died after 36 

min. 



Died after 15 

min. 



35.0 

130 

n 

Control 

37.7 

126 

A 

Control 


in 




42.2 

64 


17 

00 

42.6 

126 

A 

5 

30 


BtB 




42.8 

64 

>eB 

29 

00 

44.5 

136 

A 

10 

30 


WSm 




43.7 

26 

m 






15 

00 

46.0 

B 


Pig 878 (12.0 kgm.) 47° C. 

Pig 897 (16.4 kgm.) 47= C. 

Pig 872 (7 

.3 kgm.) 64-65° C. 


Died after 50 

min. 


Curare. 

Died after 56 min. 


Died after 1 1 

min. 


Control 


no 

A 

Control 


ita 

H 

Control 


l.'O 

A 


00 


70 

A 

24 

00 


BKI 


7 

on 


.'0 

A 

vS7 

20 


50 

A 

47 

00 




10 

.30 


50 i nn 

49 

30 

44.9 

30 

A 

55 

on 


w 

m 

10 

45 


40 ! nnii 

( 

Pig 879 (11,8 kgm.) 44-47° C. 

Pig 946 (9.5 k 

gm.) 47° 

C. for 23 min. 

Pi; 

571 fO.t krm.'i 

7n-T3- ( 

- 


Died after 106.5 min. 


Cumre. 

Died after 42 min. 


I)>.i 

.-fn-r 12 

tr.in. 
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36.S 
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A 
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trol 


52 
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A 

17 
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ncr that most of the anterior thorax remained above the 
water level. Tin's was sufficient to abolish artefacts pro- 
duced bj' the increased resistance to the inflow of air. 

Temperatures u'crc recorded with a thermocouple in- 
troduced to a depth of 7 to 9 cm. into the rectum, which 
had been cleaned by repeated enemas. The anus was 
closed around the couple. In 3 experiments, heart tem- 
peratures were also recorded by means of a thermocouple 
introduced through tiic external jugular vein into the right 
auricle. In some experiments only initial and final rectal 
and final heart temperatures were measured with a sen- 
sitive thermometer. In a considerable number of animals 


blood was withdrawn from the jugular vein both before 
and during exposure for the determination of the hemato- 
crit and of hemoglobin and potassium content of red cells 
and plasma. In most instances, immersion was continued 
until death. In some experiments exposure was tempo- 
rarily interrupted, and in a few eases, immersion was 
terminated at a time when the animal was still living. 

In addition to these observations, 3 pigs were infused 
with an isotonic (1.12 per cent) solution of KCl. Fre- 
quent electrocardiograms (lead I or II) were taken. In 
one of these pigs, tlic arterial and right auricular pres- 
sure and respirations were also recorded. ' The latter ani- 


TABLE n 

Rectal iemperaiure, arterial pressure, chclrocardiogram, and potassium content of plasma 

of IS pigs immersed in hot water 

A — Normal sinus rhythm (normal rate, tachycardia or bradycardia). Normal duration of QRS complc-v. 
A' — First or second degree A-V block. Normal duration of QRS complex. 

A" — Complete A-V block. Normal duration of QRS complex. 

B — Slight j 

BB — Moderate Widening of QRS complex without P wave. 

BBB — Pronounced j 

BBB — Can often be interpreted as ventricular fibrillation. 


Time 

Kcctal 

temp. 

Arterial 

pressure 

ECC. 

fC pl.ism.n 

Time 

Rectal 

temp. 

Arterial 

pressure 

ECO 

K plasma 


stc. 

■ 



nteq. 
per t. 

vlin. 

sec» 

"C. 



rTieq, 
per Z. 

Pig 877 (7.0 kgm.) 47® C. Died after 26 min. 

Pig 910 (9.5 kgm.) 72-75® C. Died after 12.5 min. 


36.8 

40.7 

40.7 
41.5 

43.7 

148 

100 

86 

74 

10 

A 

A 

BB 

BBB 

0 

3.0 

19.1 

18.1 
24.0 
17.3 

Con 

10 

14 

24 

trol 

20 

05 

10 

34.3 
41.6 
42.5 

44.3 

96 

136 

112 

56 

A 

A 

A" 

A" 

3.8 

6.2 

6.9 

8.2 

Con 

2 

4 

7 

13 

trol 

15 

40 

20 

52 

Pig 923 (13.6 kgm.) 47® C. Died after 50 min. 

Pig 912 (10.0 kgm.) 72-75® C. Died after 14 min. 

Con 

13 

22 

34 

42 

46 

trol 

IS 

30 

15 

00 

33 


116 

146 

148 

102 

56 

66 

A > 

A 

A 

A 

A 

A 

3.8 

5.5 

5.5 

6,2 

6.5 

7.5 

Con 

1 

5 

9 

13 

trol 

20 

35 

07 

45 

40 

36.0 
35,4 

37.0 

37.1 
40.8 

43.1 

88 

154 

98 

74 

74 

30 

A 

A 

BB 

BB 

BBB 

BBB 

4.1 

16.7 

16.4 

16.4 

Pig 1057 (8.0 kgm.) 47® C. Died after 36.5 min. 

Pig 908 (9.1 kgm.) 75® C. Died after 13.5 min. 



96 

96 

60 

52 

A 

BB 

BBB 

BBB 

3.8 

16.7 

18.5 

17.1 

Con 

19 

36 

36 

trol 

50 

15 

30 

37.0 

45.5 ■ 


A 

A 

A 

0 

4.4 

7.0 

10.2 

Con 

3 

8 

11 

trol 

40 

55 

10 

Pig 907 (10.4 kgm.) 75® C. Died after 10 min. 

Pig 1056 (7.0 kgm.) 47® C. Died after 44.5 min. 

1 

37.1 
37.3* 
39.0 
42.7* 

39.2 
42.5* 

116 

48 

32 

A 

BBB 

BBB 

3.5 

17.4 

Con 

9 

15 

34 

44 

trol 

30 

07 

00 

30 

37.8 

45.5 


A 

A 

A 

A 

0 

4.7 

5.9 

7.2 

7.1 

6 

7 

00 

30 


* Right heart temperature. 
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TABLE II — Continued 


Time 

Rectal 

temp. 

Arterial 

pressure 

ECU 

K plasma 

Time 

Rectal 

temp. 

Arterial 

pressure 

ECG 

K plasma 

min» 

sec. 

B 



meq, 
per jL. 

min. 

sec. 

°c. 



r:e‘q. 
per L. 

Pig 90S (12.7 kgm.) 75° C. Curare. 

Died after 23 min. 

Pig 919 (9.1 kgm.) 75° C. for 5 min. 

Died after 18 min. 

Con 

16 

22 

trol 

30 

40 

41.6 

42.1 

94 

78 

32 

A 

BB 

BBB 

4.8 

17.3 

Con 

4 

7 

10 

14 

16 

trol 

15 

45 

10 

00 

45 

37.1 

41.1 
42.3 

43.2 

44.2 

44.3 

138 

78 

28 

26 

30 

14 

A 

BB 

A 

A 

B 

B 

4.2 

25.5 

21.4 
18.3 
17.0 

17.5 

Pig 921 (16.8 kgm.) 75° C. Curare. 

Died after 27 min. 

Con 

3 

8 

18 

26 

trol 

30 

00 

00 

45 


122 

66 

58 

36 

28 

A 

A 

BB 

B 

B 

3.2 

5.1 

11.6 

11.9 

10.2 

Pig 918 (8.7 kgm.) 75° C. for 3 min. 

Died after 55 min. 

Con 

4 

11 

17 

37 

trol 

25 

00 

05 

00 

36.6 

38.7 

39.7 
40.3 
40.6 

70 

56 

62 

70 

70 

m 

3.7 

11.0 

9.5 

9.5 

9.4 

Pig 906 (13.0 kgm.) 70-75° C. Curare. 

Died after 70 min. 

Con 

10 

16 

25 

44 

46 

48 

65 

troV 

50 

35 

20 

35 

40 

29 

00 

38.6 
41.4 
42.3 

43.0 

44.6 

44.8 

45.0 

46.8 

102 

112 

62 

92 

72 

46 

46 

46 

A 

BBB 

BB 

BBB 

BB 

A 

BB 

BBB 

4.0 

17.4 

15.2 

13.3 

Pig 899 (13.6 kgm.) 75° C. for I min. 

Sacrificed after 77 min. 

Con 

5 

16 

45 

76 

trol 

IS 

05 

45 

00 

37.4 

40.5 
40.5 
40.3 
39.2 

142 

30 

76 

76 

76 

■ 

3.6 

10.2 

6.9 

4.2 

TA 

Pig 913 (8.2 kgm.) 75° C. for 6.5 min. 

Died after 7.5 min. 


Cot 

2 

6 

7 

itrol 

25 

15 

45 

38.6 

37.9 

40.5 

40.8 

■ 

A 

B 

BBB 

0 

3.5 

14.2 

17.7 

17.4 


mal received tlic solution in the subclavian vein, the other 
two in the jugular vein. Blood samples for the determina- 
tion of potassium were taken from the carotid artery. 

RESULTS OF EXFERIMENTS 
In Table I are shown the results of 12 experi- 
incnts in which pigs were exposed for varjdng 
periods of time at temperatures ranging between 
•14'^ and 73° C. Changes in rectal temperature, 
arterial pressure, and electrocardiogram arc 
indicated. 

Itt Table 11 arc shown the results of 15 experi- 
tnents in which pigs were exposed at temperatures 
ranging between 47° and 75° C. The changes that 
CKCurrcd in tb.c potassium concentration of llic 
p.asma arc indicated in rclatinn to changes in rec- 
tal temperature, arterial prcsstuc. and clcctro- 
caruiogtam. 


In Table III are shown the results of 5 experi- 
ments in which dogs were exposed for varvijig 
periods of time at temperatures ranging between 
55° and 75° C. The changes that occurred in tlie 
potassium concentration of the plasma arc indi- 
cated in relation to changes in rectal tempcrntiire, 
arterial pressure, and clcctrocardingram. 

In Table IV arc showii the result? cif 3 c.nperi- 
ments in which pigs received intraven.o'.n. irn't;- 
sions of isotonic potassiutn chloride. Tr.c c;. 
in the potassium concentration of the plr.'::n .at; ! 
the crj'throcj’tes arc indicated in rid.ati'e; to c'.'.r gr- 
in b.ematocrit, arterial pre--ure, .and t n - 
cardiogram. 

.‘Iricrisi /rcr Tl'e t 

of imnttr.^ion in water ( f *>'i' 7f f., ■■ t' - 

mean arterial prc -'’.;rc ‘'f • -g. a r. ■ ' 
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TAiii-ii: in 

immersed in hot scoter 
A— Noraiol sinus duSVot 


Time 

RccUl 

temp. 

Arterial 
prcp.nirc 


ICCG 


sec* 

“C. 

mm. Ita 



mrQ* 
per />. 


Doe 931 (7..1 Icsm.) 55- C. DM oUos 23 u'iu. 


Control 


35.4 

112 

A 

37.0 

92 

A 

40.6 

58 

A 

41.4 

IS 

^ ▼.V* A 

A 

lA ? 


2.8 

5.2 

4.7 

6.9 


, % sico c* Oiccl sifter 13.5 min 

Dog 929 (8.2 kg m.)75 C. U'ea a 


Control 


3 

8 

12 


10 

30 

45 


37.2 

38.5 

42.1 

44.1 


130 

130 

120 

74 


A 

A 

A 

B 


3.9 

4.8 

6.1 

8.2 


— ^ \ ^co f' Died sifter 25 min. 

Dog 934 (7.6 kgm. ) 75 C. D^ea a 


Control 

15 i 16 

24 


34.6* 

41.7* 

43.5* 


148 

100 

72 


A 

A 

A 


TAIU-E IV. 


3.1 

6.9 


Physioloncal and chemical changes in three pigs viira- 
^ TcLusly infused scilh an isotomc (1.12 per cent) 
solution of KtL 

A_Normal sinus rhythm (normal rale 

bradycardia). Normal duration of QKb com 

pic.':. 

jjB—floderatc |\Videning of QRS cotnple.v without P 


lili iVJ UUUI .1 iv I • S '-'- 

K pb-ima bbB— P ronounced] wave. 



Time 

Arte- 

rial 

pres- 

sure 

ECO 

Hcmn- 

toent 

k 

pbsma 

mtrt. 

sec. 

mm. Us 



meQ. 
per L. 


K cells 


meff. 
per L. 


Pitr901 (14.8 kgm.).. Rate of infusion 
0.6 ml per kgm. per mm. Died after 50 mm. 


Control 


11 

16 

IS 

26 


26 

35 

36 
41 

41 


50 


00 

00 

00 

00 


10 

00 

00 

00 


30 


00 


A* (lead I) 
A> 

A' 

BB 

BBB 


Infusion stopped 


0 

0 

A 

A 


36 

4.3 

123 

36 

9.0 

125 

37 

9.5 

124 

38 

11.2 

121 

37 

15.5 

132 

38 

8.7 

139 


Infusion started again. Rate 
0.7 ml. per kgm. per mtn. 


BBB 


35 


17.7 


136 


.9 


* Right heart temperature. 

ibsent at immersio ^ pres- 

At temperatures o pre-immersion 

sure was mamtam began to tall at 

tevel for 16 »d^eacl«^ half 

variable times durn g minutes. The 

„J the original value 

“J* “S" c. m 42” to 44" C. These animals 


Conti 

11 

14 

16 

20 

22 

•ol 

00 

00 

00 

00 

00 


A (lead II) 
A= 

B 

BBB 

BBB 

35 

34 

35 

35 

31 

28 

3.2 

8.7 
10.6 

12.7 

27.0 

38.0 

127 

122 

122 

125 

127 

O.i 

Q7^ n *5 9 kerm.). Rate of infusion 
5^:rpefS-P^ Died after 39 m. 

n. 

Con 

6 

12 

19 

24 

35 

trol 

08 

40 

37 

50 

18 

76 

76 

76 

76 

76 

24 

A (lead II) 
A 

A 

A^ 

B 

BBB 

33 

33 
32 

34 
37 
37 

3.5 

5.7 

10.6 

12.7 

15.7 
26.1 

112 

117 

114 

no 

109 

111 


I p wave not clearly shown. 

2 — p wave getting blunt. 

3 — p wave very flat. 
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died after 25.5 to 50 minutes with rectal tempera- 
tures of 43.9° to 45.8° C., the heavier pigs sundv- 
ing somewhat longer than the lighter ones. Heart 
temperatures were within a few tenths of a degree 
of these values (Figure 1). 

In pigs exposed to water of 60° to 75° C, the 
arterial pressure was maintained for 1 to 6 min- 
utes, and reached half of its original value in 5.5 to 
11 minutes. The animals died after 8 to 15 min- 
utes with rectal temperatures varj'ing from 39.4° to 
46.0° C. However, the discrepancj' between heart 
and rectal temperature often was considerable 
(Figure I). 

The possible reversibility of the fall in arterial 
pressure was investigated. Immersion of a pig at 
47° C. for 33 minutes produced a fall in blood 
pressure from 104 to 40 mm. Hg (Figure 2), 
Exposure to cool water lirought the pressure back 
to its original level and lowered the rectal tem- 
perature from 43.3° to 42.0° C. Re-exposure to 
47° C. again resulted in a fall in blood pressure, 
and death occurred at a rectal temperature of 


44.5° C. In another instance exposure to water 
of 75° C. for 1 minute reduced the pressure from 
140 to 20 mm. Hg in 5 minutes. During subse- 
quent exposure to room air the pressure recov- 
ered, and reached 130 nun. Hg after 73 minutes. 
The animal was still alive after more than 2 hours. 
Exposure of one animal to water of 75° C. for 5 
minutes resulted in a fall in blood pressure from 
138 to 75 immediately after immersion. The pres- 
sure continued to fall, and the animal died after 
18 minutes. 

The arterial pressure in dogs behaved in a way 
comparable to that in pigs at the same temperature. 
Animals immersed at 60° to 75° C. sur%-ivcd for 
13.5 to 25 minutes (Table 111). 

Right auricular pressure: Intra-auricular pres- 
sures of pigs before immersion varied from 32 to 
— 66 mm. H»0 (average —23 mm. H;0). In 
only 3 out of 15 animals was the pressure in the 
right auricle higher than atmospheric ( 4- 13. 20. 
and 32 mm. H...O) . In most instances, a sliglit rise 
occurred following immer.sion. the control level 



I. PiiiT <11 J in Uirt'VMNf.^ SiniwiNr. i'. Kmt*: 
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Fio. 2. i'-FFi;rr of 2 lu'isoiiic.s of Cl'taxkoi's Hypkkthekmia ox Pic; X’o. S/9 (ll.S kgm.) Caused nv Im- 

MKKSiox IX Water at 47° C. 

The first period of inniiersion lasted for 33.5 minutes and is indicated by the words “in” and “out” on the 
first and second segments of the kymograph record. I'iftccn minutes after the end of the first period of hot 
water immersion and bctwe'en the second and third segments of tlie record the animal was immersed again at 
47° C. and allowed to remain in the bath until dead (56.5 minutes). Between the 2 episodes of hot water im- 
mersion the skin temperature was lowered by exposure to cool water. Total duration of c.xperiment was 105 
minutes. The upper, middle and lower tracings on the kymograph record represent respectively the pneu- 
inogram, the carotid pressure, and the right auricular pressure. The times at whicli the electrocardiograms 
were taken arc indicated in minutes. 


being regained in 0.5 to 3 minutes. In 5 of the 
6 animals immersed at 44° to 49° C., this was fol- 
lowed by a gradual drop of 4 to 20 mm. H,0. 
There was no rise in venous pressure until 1 or 2 
minutes before death. In the sixth pig, immersion 
did not influence the auricular pressure (Figure 


2 ). 

In 7 of the 9 pigs exposed to water of 60° to 75° 
C., a gradual rise of the right auricular pressure 
was observed, beginning in the middle of, or even 
early in exposure, and continuing until death. 
This rise amounted to 15 to 45 mm. H.O and oc- 
curred at a time when both arterial pressure and 
respiration were still adequate (Figure 3). In 
some instances, it was preceded by a fall of 20 to 
30 mm. H„0 which rapidly developed 1 to 3 min- 


utes after the exposure had started. In 2 animals, 
this fall was the only change in auricular pressure 
that was observed until 1 minute before death 
when it rapidly rose. 

One pig, exposed for only 1 minute to water of 
75° C.. showed an abrupt fall of 40 mm. HoO. 
During the following 70 minutes the auricular 
pressure graduall}" returned to the pre-immersion 
level, coincidental!}^ with recovery of the arterial 
pressure. 

The auricular pressure of 4 dogs was lower than 
that of the pigs. It ranged from — 77 to — 108 
mm. H„0. Because of hydrostatic effects the 
auricular pressures before and during immersion 
could not be compared. However, neither in the 
2 dogs exposed to 75° C. nor in those exposed to 
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55° and 60° C. was there obsen-ecl any change in 
the recorded auricular pressure during the period 
of immersion. 

Because of the possible contributions of the 
type or rate of breathing to the ohsen-ed pressure 
changes, some experiments were performed on 
curarized pigs. Artificial respiration was supplied 
throughout the experiments. The course of the 
auricular pressure was found to he identical with 
that of the spontaneously breathing animals. At 
47° to 49° C. a slow and moderate fall was ob- 
sen^ed; exposure at 75° C. resulted in a rise, be- 
ginning early during exposure. 

Respiration: In agreement with earlier investi- 
gators. it was found that a rise in body tempera- 
ture was associated with a pronounced increase in 
respiratory rate. In the pig, the immediate effect 
of immersion was usually a short period of very 
deep and fairly rapid respirations, followed by a 
variable episode of only moderately increased 
breathing (rate 20 to 40). In the animals exposed 
to the lower temperature range the onset of re- 
spiratory rates of 170 to 200 was often sudden, 
and occurred in the first 10 minutes of e.xposure. 


at rectal temperatures of 39° to 41 ° C. Deep gasps 
interrupted this shallow tachypnea. The arterial 
blood maintained its bright red color. The tachyp- 
nea gradually increased, and rates of 300 were 
not infrequently reached. -W'hen the rectal tem- 
perature had mounted to 43° to -44° C.. breathing 
abruptly slowed to 10 to 40 per minute and be- 
came much deeper. Additional slowing usually 
continued until death. In the dog. immersion was 
immediately followed by a tachypnea of 100 to 150 
per minute, which gradually increased. Rates 
over 200 were not encountered. 

It is difficult to estimate whether the respiratory 
or the circulatory system failed first in these ani- 
mals. If bradypnea is considered as the first mani- 
festation of failing respiration it might he .said 
that the cardiovascular system sundved somewhat 
longer, as judged by the presence of an appreciable 
arterial blood pressure. However, at least in the 
beginning of bradypnea, the pulmonary ventilation 
certainly was as adequate as during the control 
period. If the onset of prolonged apnea is con- 
sidered as the end point of adequate respirator}* 
function, both systems failed simultaneously. In 3 
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animals, artificial respiration was applied at a time 
wlien the arterial pressure was still appreciable 
(80-90 mm. Ilif). without havinj^ the slightest 
efi'ect upon its downward course. .Moreover, the 
final rectal and heart temperatnres of the cnrari/.cd 
pigs fell well within the range of those of spon- 
taneon.sly breathing animals. 

Exposure of pigs to 60° to 75° C. produced an 
increase in res])iratory rate which did not exceed 
SO to 90 per minute. 'Phe breathing remained 
deep until the terminal episode of hradypnea. end- 
ing in occasional deep gas])s. In dogs the respira- 
tory changes were essentially the same as those 
encountered at the lower temperatures. 

Elect rocardiogrof'liir cluiiif/cs: In both pigs and 
dogs, the first change, beginning immediately after 
immersion, consisted of a progressive increase in 
heart rate to levels of 300 to 350 per minute. As- 
sociated with this increase, changes occurred in 
the QRS complex, consisting of decrease in ampli- 
tude of the R wave and deepening of the S wave, 
or vice versa, with maintenance of the normal 
QRS interval and inversion of the T wave. The 
changes in the initial ventricular deflection might, 
in part at least, he due to variations in type of 
breathing with resulting changes in the position of 
the heart (Harris (15)). They occurred only to 
a minor degree in curarized animals. 

In the pig, the abnormalities following this sinus 
tachycardia varied markedly with the temperature 
of exposure. Of all animals exposed to water 
at 44° to 50° C. (Tables I and II) only one showed 
appreciable widening of the QRS complex and 
loss of P wave. This occurred 1 minute before 
death. Another animal showed disappearance of 
the P waves. The changes in the remaining pigs 
were limited to sinus bi-ad 3 ’cardia and sinus ar- 
rhythmia that became most pronounced 2 or 3 
minutes before death (Figure 2). Occasionally, 
auriculoventricular block of varying degree was 
seen during this period. 

In contrast, 11 pigs continuously exposed to 
temperatures of 64° to 75 C. (Tables I and II) all 
showed the gradual development of exceedingly 
wide ventricular complexes with veiy large T 
waves, and the gradual disappearance of the P 
wave." The general shape of these complexes re- 

" During tachycardia, actual observation of this disap- 
pearance was impossible because of overlapping of P and 
preceding T waves. In these instances, it was assumed 


semhled that of the original supraventricular ones, 
riicir development was usually associated with 
definite skiwing, although the heart rate remained 
regular. In some cases, the transitional phase 
consisted of salvos of fairlv rapid and wide ven- 
tricular complexes, which interrupted a still- 
e.xistent sinus hradveardia. In the terminal stage, 
the initial ventricular deflection could not be sepa- 
rated from the final one. The electrocardiogram 
consisted either of verv slow, e.xtremelv wide ven- 
tricular waves, separated from each other by iso- 
electric intervals of 0.2 to 1.0 second, or of more 
rapid variations at 160 to 240 jier minute, in which 
one wave merged with the next. The latter state 
might he called ventricular fibrillation (Figures 3 
and 4). 

In 9 of the 11 pigs, these changes made their 
first appearance early during immersion, at rectal 
temperatures of 37.0° to 41.6° C.. and at a time 
when the arterial pressure and respiration were 
still adequate. In four of these, the blood pressure 
at the time of onset of the wide complexes was 
actually equal to. or higher than, that before im- 
mersion. In only 2 animals were the abnormalities 
first noticed when the pressure had fallen to low 
levels, and it is possible that they would have been 
demonstrated earlier if more electrocardiograms 
had been taken. Exposure for 6.5 and 5 minutes 
similarly resulted in marked widening of the QRS 
complex, whereas exposure for 3 and 1 minutes 
did not produce deviations other than those at 
lower temperatures. 

In the dog, the electrocardiographic changes at 
high temperatures were in no way different from 
those encountered at 44° to 50° C. (Table III). 
They were limited to an increase in rate and to 
minor changes in the ventricular complex. No 
widening occurred and the auricular manifesta- 
tions remained present until the end. 

Chemical changes: A complete discussion of the 
effect of temperature on the potassium concentra- 
tion of the plasma has been reported (2). The 
potassium concentration of the plasma of 15 pigs 
in which physiological studies were made is shown 
in Table II. .The initial plasma levels ranged be- 

that the same changes had taken place as in the instances 
where the P wave could be followed through a stage of 
decreasing amplitude to disappearance, as subsequent slow- 
ing of the beat similarlj' revealed the absence of auricular 
comple.xes. 
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Fig. 4. Relationship Between Plasm.a Potassiitm Leitl and Chances in Electrocardiocr.im 
(Lead I) During Immersion of Pig No. 910 (9.5 kgm.) in W.ater Bath .\t 72' to 75° C. 
Tlie plasma potassium values are given in mcq. per L. Death occurred 12.5 minutes after beginning 
of e.Npcrimcnt. 


tween 3.0 and 4.8 meq. per L. The potassium 
concentration of the red blood cells ranged from 
113 to 145 meq. per L. The course of these con- 
centrations during immersion varied markedly 
with the temperature. 

Immersion of 4 pigs at 47° C. produced a grad- 
ual and sustained rise in plasma potassium. Ten 
minutes ex]iosurc resulted in levels of about 6.0 
mcq. per L. During the rest of the e.xposure, the 
level increased by an additional 1 to 4 mcq. The 
highest level was 10.2 meq. per L. obtained 30 
seconds before dcatb. 

On the other hand, continuous e.xposure at 70° 
to 75° C. characteristically resulted in an enor- 
mous rise in the jilasma ]K)tassium level. This in- 
crease was found to take place with surjirising 
rapidity. In 5 pigs, the plasma after 1 to 4 min- 
utes of e.xposure, contained 14.2 to 25.5 meip per 
1- of ])otassium. .A .sample drawn in this period 
tnun one enrarized pig was still essentially normal 
and the ]>cak oliservcd in this animal was onlv 1 1.9 
nicq. Pe.ahs from 16.7 to 25.5 meij. were ob.-erved 
'll (t (hiring exposure. Curare did not pre- 
vent n^e.s in this range in 2 pigs: however, no 
e.ail\ ohservatU'Hs were made on these animals. 
In snine instances, the iviiassiinn level fell towards 
th.e eial. However, it remained marV.eiilv elevated. 


In some e.xperiments the e.xposure was tenni- 
nated before the animal had c.xpired. Immersion 
for 6.5 and 5 minutes similarly resulted in a tre- 
mendous rise of plasma potassium. .-\t the time 
of death, the level was still very high. Immersion 
for 3 and 1 minutes jiroduced a less jironoiinced 
increase ; at the time of death, the level was only 
2 to 2.5 times the normal one. 

IJISCUSSIO.X 

These observations show that the iiliysiological 
disturbances leading to death in pigs e.xiio'Cil to 
water at 46° to 50° C. are of a difTerent nature 
from those encountered in animal.-- cxixi'cd to tem- 
peratures of 60° to 75° C. 

In jiigs immersed at the lower temjieratnre-. 
the occurrence of a gradual fall in riglit auricular 
jiressure followed by a fall in mean arteria.l pre-- 
sure. indicates a jirogre.'-'-ive decreroe in •. etac:- 
return to the heart. That thi' (lecrea'-e. at !'a-t 
during a major j>art of the e\;»-'-nre. v.a- du'- t" 
an iucrea-e in cajcicitv of th'- {-'•rip’-.'-ral •... 'nl r 


Cl •n^iderahle dtgree. t'a < -•••■- 
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the heart muscle M-ere added to the peripheral ef- 
fects. and both factors undoubtedly contributed to 
the lethal ending. That relatively small increases 
in ])lasma potassium may predispose to vagal heart 
failure without causing the characteristic electro- 
cardiographic disturbances of liotassium ]R)isoning 
is suggested by a recent re|)ort by lIolT. Mumm, 
and Winkler (16). 

It is difficult to say whether cardiovascular 
failure or respiratory insuniciency was the imme- 
diate cause of death. Profound arterial hypo- 
tension and ])ronounccd hradypnea were usually 
encountered at the same time. It can he said, how- 
ever. that the mean arterial jiressurc fell con.sid- 
erahly before any im]iairment in re.spirator)- func- 
tion was evident. Artificial respiration applied at 
a time when the arterial pressure was still appreci- 
able had no effect upon its downward course. 
Moreover, curarized pigs did not survive longer 
than spontaneously breathing animals; all hut one 
animal died after 25 to 51 minutes of continuous 
immersion. The plasma potassium level increased 
by 66 to 250 per cent : the highest level found was 
10.2 meq. per L. No profound changes in cardiac 
function, as judged by the electrocardiogram, oc- 
curred. As will he shown, plasma-potassium levels 
up to 10 meq. per L. do not produce significant 
changes in intraventricular conduction. 

At immersion temperatures of 60° to 75° C.. the 
pigs survived for only 8 to 15 minutes. In the 
middle, or even earlier during e.xposure, at a time 
when the respiration was still adequate and the 
mean arterial pressure n^as still considerable, pro- 
nounced changes in cardiovascular function made 
their appearance. They consisted of a rise in 
right auricular pressure, and electrocardiographic 
changes in the form of disappearance of the P 
wave and progressive widening of the QRS com- 
plex, often terminating in ventricular fibrillation. 
At the same time, the potassium concentration of 
the plasma reached values of 16 to 19 meq. per L. 
This was associated with a striking destruction of 
red blood cells. 

These observations strongly suggest that the 
hyperpotassemia was responsible for the distuib- 
ances in cardiac mechanism and for the subsequent 
myocardial failure, evidenced by the rise in auricu- 
lar pressure. That the damaging effects of a ris- 
ing plasma potassium level first of all manifest 
themselves in the heart is well known. In rabbits 


and dogs, the infusion of a solution of a potassium 
salt jiroduces a sequence of electrocardiographic 
changes similar to those observed in pigs during 
exposure to high temperatures [Winkler, Hoff 
and .Smith (17). and Nahum and Hoff (18)]. 
It was found that an identical sequence of changes 
takes place in infused ])igs (Table IV). In 2 
animals, infusion rates were maintained that were 
likely to produce death in approximately the .same 
time as in the burned pigs. It is evident that 
pota.ssium levels of less than 10 meq. per L. failed 
to produce cither changes in the P wave or widen- 
ing of the QRS complex, just as was the case in 
burned pigs. Higher levels resulted in a succes- 
.sion of changes which were similar in all respects 
to those observed at high temperatures (Table H). 
In the one animal (Figure 5) in whicb arterial 
and right auricular pressure and respirations were 
recorded, the auricular pressure began to rise 19 
minutes (s) after tbe infusion had started. The 
potassium level was 12.7 meq. per L. : the P waves 
had begun to flatten 3 minutes before and had dis- 
appeared. Three minutes later widening of the 
QRS comple.x began. The arterial pressure and 
respiration remained normal for another 10 
minutes.-’’ 

That the cardiac changes due to the potassium 
ion are reversible to a remarkable degree is clear 
from experiment 901 (Table IV). The usual suc- 
cession of electrocardiographic changes was ob- 
served until, some seconds after a potassium level 
of 15.5 meq. per L. had been reached, the string 
shadow remained resting. The infusion was 
stopped. No electric or auscultatory evidence of 
cardiac activity could be demonstrated for the 
following 10 minutes, although the animal con- 
tinued to breathe at a very slow rate. Then heart 
action returned and respiration became more rapid. 
The electrocardiogram had returned to normal. 

A plasma sample taken 5 minutes thereafter con- 
tained 8.7 meq. per L. of potassium. Infusion 
was started again, the well-known changes were 
again observed, and the pig died with a potassium 
level of 17.7 meq. per L. 

The rapidity with which potassium is removed 
from the plasma makes it imperative that the re- 

® The rate of infusion was slow enough so that the rise 
in venous pressure could not be ascribed to the administra- 
tion of the isotonic salt solution per sc [Altschule and 
Gilligan (19)]. 
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<.‘vcn here both iiiauifestations diniinished in inten- 
sity during; (lie followini^ 14 inimitcs. 

Altlunigli it is clear that in pigfs exposed to liigdi 
(60° to 75° C.) temperatures the most strikinij 
lihvsiological disturbances are those which result 
from the release of excessive amounts of potas- 
sium. continued exposure results in a progressive 
and generalized rise in body tengierature which 
undoubtedly causes disturbances other than those 
due to hyperpotassemia. Thus, (he jieripheral and 
central factors that were the cause of death at 
lower temperatures also come into play at these 
high temperatures. 

In order to evaluate the relative contributions 
of red blood cells and fixed body cells to the in- 
crease in ])lasma. potassium experiments were 
performed on dogs (Table III). Whereas the 
potassium concentration of their fixed cells is simi- 
lar to that of the pig. their red cells contain only 
small amounts. Immersion at 75° C. resulted in 
an inten.se hemolysis, but the potassium level did 
not rise above that encountered in pigs at 47° C. 
and electrocardiographic changes characteristic of 
hyperpotassemia were not seen. 

The distribution of the potassium in human 
blood is similar to that in pig’s blood, the potas- 
sium concentration of the red cells being ap])ro.xi- 
mately 110 meq. per L., that of the plasma ap- 
proximately 4 to 5 meq. per L. [Kramer (20). 
Scudder (21). and others]. High plasma potas- 
sium levels should therefore be expected in hu- 
mans in whom a major part of the body surface 
has been exposed to high environmental tempera- 
tures. Several minutes of exposure would prob- 
ably be required to result in the very high levels 
encountered in these experiments. It is also 
probable that, if the immediate effects of the expo- 
sure were survived, a markedly elevated plasma 
potassium, occurring immediately following the 
injury, would fall within the next hour. It should 
be remembered, of course, that a rise in plasma 
potassium is a normal postmortem phenomenon. 

SUMMARY 

There are 2 principal mechanisms by which ex- 
posure of the surface of the body to excessive heat 
may cause rapid circulatory failure and death. 

In one, the systemic hyperthermia caused b}' 
conduction of heat to the interior of the body by 


way of the blood stream leads to a ra])id and pro- 
gressive fleclinc in blood pressure and failure of 
circulation due jjrincipally to j)crij)hcral va.scular 
Cf)llaj)se. 

In the other, the circulatory failure is princi- 
pally central and is due to the effect on the heart 
of an excessively high concentration of potassium 
in the jdasma. Central circulatory failure is likely 
to occur when the overheating of the skin and sub- 
cutaneous tissue is so intense, prolonged, and gen- 
eralized that potassium is released from the eryth- 
rocytes so ra[)idly and in such large amounts as 
to result in maintained plasma levels in e.xcess of 
1 1 meq. per L. 

In the case of thermal e.xposurcs of low in- 
tensity. peripheral circulatory failure ma}' occur 
without sufficient rise in tissue (and blood) tem- 
perature to cause a dangerous rise in plasma potas- 
.sium. When a thermal exposure has been df suf- 
ficient severity to cause fatal hyperpotassemia. the 
central circulatory effects are likely to be compli- 
cated by peripheral vascular collapse. 

It is essential to the development of hyper- 
thermic j)otassium ])oisoning that the erythrocytes 
have a high original concentration of this element. 
Thus, fatal hyperpotassemia, due to hyperthermia, 
ma}' occur in the pig but not in the dog. Since 
man and pig have similar potassium concentrations 
in their erythrocytes, it is inferred that they are 
probably similarly susceptible to tbe development 
of fatal hyperpotassemia following cutaneous ex- 
posures to excessive heat. 

Although thermal!}' induced disturbances of the 
respiratory centers may contribute to either type 
of hyperthermal circulatory failure, maintenance 
of pulmonary v'entilation by artificial respiration 
does not prevent death or cause significant pro- 
longation of the survival period. 
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Patients with ncurocirculatory asthenia (N. velopment of illness were designated as acute 
C A.), anxiety neurosis, or elTort syndroine-coin- N.C.A. In addition to studies related to breath- 
monly complain of shortness of breatli, inability ing the patients were subjected to a wide variety 
to draw a satisfactory breath, and incapacity for of other tests which are reported elsewhere (3). 
work caused bv breathlessness. Such symptoms For control subjects we used 129 healthy sub- 
have been noted in the classic works on this sub- jeets, of whom 117 were soldiers, and 25 soldiers 

who were convalescing from infected war wounds. 

Incidence of symptoms 

Method. A series of questions was administered to 74 
patients with chronic N.C.A., 25 patients with acute 
N.C.A., 25 convalescent controls, and 55 healthy control 
subjects. The presence of the symptom was noted on a 
printed dieck list by plus, the absence by zero. 

In addition, during the 20-inch step test (4, 5), patients 
and control subjects were asked to perform for 5 min- 
utes at the pace of 30 trips per minute for a maximum of 
5 minutes. The subjects were asked what stopped them 
when they did not go on for the full 5 minutes. The in- 
cidence of brcatlilcssness among other symptoms was tab- 
ulated for control subjects and patients. 

Results. The incidence in N.C.A. of s 3 -mp- 
toms involving breathing is presented in Table I, 
which shows that there is a high incidence of 
symptoms related to breathing in N.C.A. It is of 
further note that there is consistently, for each 
symptom, a higher incidence in the chronic N.C.A. 
group than in the acute; there is a slightly greater 
incidence of such symptoms as breathlessness and 
inability to get a satisfactory breath in convales- 
cent subjects as compared to healthy controls. 

The feeling of breathlessness may be present at 
any time in the patients. In addition, patients 
commonly have the feeling that they do not breathe 
in a satisfactory manner, that they do not get in 
enough air while breathing, or that their breathing 
does them no good. 

Difficulties in breathing are quite marked when 


ject by DaCosta (1) and Sir Thomas Lewis (2) 
among others. 

The present report deals with studies carried 
out to investigate in a quantitative way character- 
istics of breathing in N.C.A. These studies in- 
cluded investigations of (I) patients symptoms 
as compared with those of control subjects; (2) 
study of characteristics of breathing at rest, in- 
cluding respiratory rate, minute respiratory vol- 
ume, tidal air, oxygen consumption, incidence of 
sighs, variation in respiratory rate and in respira- 
tory depth; (5) studies of breathing during exer- 
cise, of ventilation index, and of the relation of 
ventilation index to awareness of shortness of 
breath, i.e., dyspnea; {4) studies of ventilation 
•and ventilatory efficiency while walking and run- 
ning on a treadmill. Details of technique will be 

described in each section. _ 

In general, studies were done on 74 patients 
with clironic N.C.A. and on 27 patients with acute 
N C A. These two groups of patients were dilter- 
entiated on grounds of history alone (3)- TJiose 
who had a lifelong course and could qever do hard 
work or athletics were designated as chronic 
N C A Those who gave convincing evidence ot 
o-ood health, ability to do muscular work or ath- 
fetics, and emotional stability previous to the de- 

Ti^ork was done under contract recommended by 
rftmmittee of Medical Research of the Office of Sci 
Ittific Research and Development and the Massachusetts 

General Hospital. , the patients attempt to wear a gas mask or while 

With the technical assistance o ary . t attempting to swim. 

drey Y. Dennison, and Jane R. Brown. 
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TABLE I 


Incidence in neurocirculatory asthenia of 
symptoms involving breathing * 


Group studied 

Patients with 

j Controls 

Chronic 

Acute 

Conv. 

Healthy 

Number of subjects 

74 

1 

25 

1 


From present illness 


1. Breathlessness 

99 

79 

24 

13 

2. Inability- to get a satisfac- 
tory breath 

74 

41 

16 

2 

3. Panting 

62 

52 

4 

5 

4. Sighing 

61 

39 

12 

9 

5. Gas mask trouble 

55 

17 

12 

IS 

6. Smothering 

50 

28 

8 

5 


From past history 


7. Trouble breathing in water 
(while swimming) 

75 

22 

12 

10 

8. Always short of breath 

41 

0 

1 

8 

7 


During hard work test 


9. Breathlessness severe 
enough to cause patients 

62 

18 

to stop 




• Si^ificancc of differences in incidence of sj’mptoms: 
Chronic N.C.A. vs. healthy controls — all differences sig- 
nificant; chronic N.C.A. vs. acute N.C.A. — all differences 
significant except for 3, 4 and 6; cironic N.CJ\. vs. con- 
valescent controls — all differences significant; acute N.C-A. 
vs. convalescent control subjects — all differences significant 
except 2, 5, 6 and 7; acute N.C..A. vs. healthy control 
subjects — all differences significant caccept for 5 and 7; 
convalescent control subjects vs. healthy control subjects — 
only 2 show significant difference. 

Wlien patients and subjects were questioned as 
to what stopped tliem in the 20-inch step test, 60 
per cent of the patients reported that tliey were 
winded or that their wind gave out, in contrast to 
IS per cent of the health)’ controls. This was true 
even though the healthy controls lasted much 
longer in the performance of the test. 

Summ.\rv. N.C..’\. patients have many com- 
plaints referable to breathing; symptoms arc of 
higher incidence in chronic X.C..\. When ques- 
tioned at the end of hard cncercisc, many X.C..-\. 
patients state that shortness of breath causes tb.cm 
to stop before the test is finished. 


St:!c!:rs rj ch.arjctcristics of brcc 

r.ci; iratorA- iv.rjsuriTnrn!' 
rc'L le a ir-itirg ccoF.*.; a;-, 


ct rest 

v. t.'c Jr :f:cr 

1 V. trra'.hir.g 


oxygen, in 50 men with N.C.A. and in 34 healthy mcm. 
The usual prcjcedure for doing a basal metabolic rate test 
was employed (6) using a 12-minute recorcL The meas- 
urements were as follows: (2) Minute respiratory vol- 
lune in liters of oxj'gen breathed per minute — this was ob- 
tained by measuring each inspirational length in a minute, 
multiplying the sum bj' the appropriate calibration factor. 
(2) Minute respiratoiy volume was adjusted for body 
surface by dividing by surface area obtained from height 
and weight tables (7). (3) Respiratory rate was counted 
in breaths per minute. (4) Tidal air was calculated for 
each minute by dividing ventilation per minute by respira- 
tory rate per minute. The mean tidal air for the record 
was obtained from averaging the tidal air for each min- 
ute. (5) Tidal air was also adjusted for body surface by 
dividing the mean tidal air for each patient b}’ his surface 
area, (d) A sigh was defined for purposes of this study 
as an inspiration which was at least 2\{y times the depth 
of the previous inspiration if it was representative ; if not, 
the first such breath in that minute was used as a basis 
of comparison. (7) Basal metabolic rate was calculated 
in the usual manner (6) . (S) Coefficient of variation was 
calculated for rate in each patient by dividing the standard 
deviation of respiratory rate by tlic mean respiratory rate. 
Table II presents the mean of the coefficient of variation 
for respiratory rate. (9) Coefficient of variation for depth 
of inspiration was obtained by dividing standard de- 
viation of the depths of inspiration for 6 minutes by the 
mean inspiratory depth (tidal air). The latter tivo meas- 
urements were made to discover whether the breathing 
of patients with N.C.A. was more irregular in rale and 
in inspiratory depth than was true of healthy control 
subjects. 

Results. Table II shows that niiiuitc respira- 
tor)- volume and oxygen consumption arc tlic 
same for the two groups. However, respirator)- 
rate is definitely more rapid in patients, and the 
■breatliing in patients is more shallow. This is true 
even after adjusting for differences in body si/.c. 
Sighing is more frequent in patients than in con- 
trol subjects, but not significantly so in this scries. 

Summary. X.C..-\. patients resting, fasting, 
and breathing oxygen as compared with I’.c.althy 
control subjects show: (1) a higher respiratory 
rate, (2) shallow breathing, (5) a greater 
cient of variation in depth of iiupiration. 
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TABLE II 


Breathing measurements 



Units 

lIc.Tltliy controls 

N.C.A. p.iticnts 

SiKnif. ratio 

Number of subjects 


34 

50 


Minute respiratory volume 

Liters per minute 

8.52 i 

8.32 


Minute respiratory volume 

Liters per minute and 

4.77 i 

4.53 

1.42 


meter' 



Respirator}' rate 

per minute 

13.2 

15.8 

2.00 

Tidal air 

ml. 

743 

i 553 

Tidal air per m’ body surface 

ml. per meter' 

386 

306 

3.48 

Sighs 

per minute 

.08 

.15 

.02 

Basal metabolic rate 

per cent 

-1 

-4 

.09 

Coefficients of variation 



Mean of respiratory rate 


8..34 

8.28 

3.69 

Mean of depth of respiration 


20.25 

25.12 

1,71 


the feeling of shortness of breath correlate with 
measurable changes in ventilation or vital capacity, 
the usual correlates of d^'spnea (8, 9) ? (2) Do 
patients with N.C.A. show .differences in minute 
respiratory volume during and after comparable 
amounts of varying degrees of exercise as com- 
pared with healthy control subjects? (5) Is ven- 
tilation index, an objective measure proposed by 
Harrison and associates (10) as a quantitative ob- 
jective correlate of dyspnea, abnormal in N.C.A. ? 
{4') Do N.C.A. patients develop dyspnea at an ab- 
normal level of ventilation index? 


Method. Ventilation index studies described by Har- 
rison and associates (10) were done in 58 patients with 
N.C.A. and in 55 healthy soldiers. Formula for ventila- 
tion index is; 


Ventilation index = 


ventilation ^ 
vital capacity 


ideal weight 
^ d" actual weight 
2 


All control subjects were healthy American soldiers. 
The N.C.A. patients consisted of 33 soldiers, 16 sailors, 2 
marines, and 7 civilians. There were 41 cases of chronic 
N.C.A. and 17 of acute N.C.A. 

The test was carried out by having the subject walk 
over a set of steps with measurements of ventilation be- 
fore, during, and after the exercise. The steps used have 
been described by Harrison and have the following meas- 
urements: low step 17 cm., high step 32 cm., length of 
platform 64 cm. 

The patient was given a ’demonstration of tlie 4 paces 
of the test. He practiced a few steps at each pace in 
order to familiarize himself with the steps. He then sat 
in an Adirondack reclining chair for 30 minutes. At the 
end of this period the patient was connected to the Tissot 
spirometer. The resting ventilation for 3 minutes was 
measured along with pulse rate and respiratory rate. 
The exercise then proceeded for 2 minutes and the patient 
then rested for a 5-minute recovery period, the ventilation 
being measured continuously during this 7-minute period 
(comprising 2 minutes exercise and S minutes recovery 


period). The pace of the step test was regulated by a 
metronome. The first exercise consisted of 6 trips, the 
second of 12 trips, the third of 16 trips, and the fourth 
of 24 trips in 2 minutes. One observer, using a stopwatch, 
counted off the pace for the patient, slowed him down or 
speeded him up if he lost the pace, held the tubing con- 
necting him to the Tissot to avoid his being entangled in 
it, and for certainty checked the number of trips with 
a Veeder counter. Second observer read and recorded 
the Tissot units and also counted respiratory rate during 
the test. 

Pulse recovery rate was determined also by the first 
observer. The pulse was counted after the patient sat 
down from 1 to 1% minutes, 2 to minutes, and 4 to 4% 
minutes. At the end of each 5-minute recoverj' period the 
patient u'as confronted with a printed card with the ques- 
tions: Were you short of breath? Not at all? A little? 
Moderately? Severely? Were you ver}' uncomfortable 
or did you feel distress? Yes or No. The patient was 
asked to point out the answer to each question which de- 
scribed best his subjective feelings during the test. In 
addition to this, one of the observers tried to estimate 
whether the patient seemed to be in respiratory distress 
— slightly, moderatelj', severely, or not at all. During the 
1 minute between tests when the patient reported his 
subjective feelings by pointing to the question card, the 
Tissot level was readjusted, if necessary; the metronome 
was set to the next speed; and the patient was asked to 
stand about IS seconds before the beginning of tlie next 
test. Then the next exercise began. 

Vital capacity was determined on tlie patient in a sit- 
ting position. This was carried out by the method previ- 
ously described (11), the highest of 3 determinations 
checking within 50 ml. being accepted. Age, height, and 
weight of the patient were determined and surface area 
was taken from standard Benedict-Roth tables (7). 
Room temperature, Tissot temperature, and barometric 
pressure were recorded. 

Results. Ventilation index: Figure 1 shows 
that for each exercise the mean Ventilation Index 
is higher in the N.C.A. patients than it is in the 
healthy control subjects. The differences between 
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VENTILATION 

INDEX 


MORMAL 

54 

PATIENT 

56 

I SLOW 

15.4 

18.7 

E MILD 

18.3 

23.2 

El BRISK 

20.7 

.26.2 

nr FAST 

28.6 

36.9 



The means of ventilation index for 56 N.C.A. patients 
as compared with 54 control subjects are compared above, 
for the 4 paces of exercise. The ventilation index is sig- 
nificantly higher in N.C.A. for each exercise. The dif- 
ferences were progressively greater as the speed of ex- 
ercise increased. The figure illustrates schematically the 
patient during exercise breathing to the Tissot spi- 
rometer. 


the controls and the patients are statistically sig- 
nificant (see Tables III and IV). 

It is of further interest that patients with chronic 
N.C.A. show higher ventilation indices than do 


TABLE in 


Ventilation index — means and statistics in netiro- 
circulatory asthenia and healthy controls 


Ex- 

cr* 

No 

Controls 

S.E. 

No. 

N.CA. 

S.E. 

1 ^ 

in 

Sir- 

nif. 

ratio 

Odds 

V.I. 

6 

V.I. 

6 

t 

53 

15.4 

2J9' 

J28 

56 

18.7 

6.67 

.892 

.950 

5J3 

2.200-1 

n 

54 


2J9; 

J25 

56 

23.2 

9.09 

1.216 

1.257 

3.86 

8.000-1 

in 

S\ 

20.7! 

2.81 

JS3 

56 

26.2 

I0J5 

1 J83 

1.435 

3,85 

8.000-1 

IV i 

54 

2&.0 

4.11 

.559 

56 

36.9 

13.15 

1.758 

1.849 

4.50 

20.000-1 


number of subjects e.xcrciscd; V.I. = Ventilation 
lndc.\; 6 = Standard deviation of the observations in the 
sample; S.E. «= the standard error of the mean : S.E.d»r. = 
standard error of the difference between the two means; 
oiRmficanre ratio '=_S.E.,iirr. difference between means; 
Uclds = the proltability of the difference arising once in 
Inis numlier of times by chance. 


TABLE IV 
Ventilation index 

Acute N.C..\. (17 cases) compared with chronic N.C.A, 
(59 cases) 


Exetcise I 
Eiercite 11 
INcrcbe 111 
I-xcrei'c IV 


Acute 


16.9 
21.4 

25.9 


Ct.rar.ic N.CA. 

19.6 

24.0 

27.5 

57.9 


patients with acute N.C.A., this difference being 
consistent for all 4 exercises. 

Vital capacity: The high ventilation index in 
N.C.A. is not due to abnormal vital capacitj-, as 
Autal capacity in N.C.A. does not differ from idtal 
capacity of healthy control subjects of similar size; 
Table V shows that the vital capacity in ml. and 
per square meter of body surface is 2,419 for 
healthy control subjects, 2,426 for N.C.A. patients. 


TABLE V 
Vital capacity 

{Neurocirculalory asthenia vs. healthy controls) 



Number 

v.c. 

V.C. 



ml. 

nl. .IP 

Controls 

54 

4,443.3 

2,419.4 

N.CA. 

•54 

4,395.1 

2,425.5 


Vital Capacity' — Standard Error of Difference between 
means = .92; significance ratio = .52. Vital Capacity 
per meter squared of body surface— ^Standard Error of 
Difference between means = 50.9; significance ratio = .12. 
Thus, neither the slight differences in vital capacity nor 
those in vital capaci^' per M* benveen N.C..A. and controls 
are statistically- significant. 

The slight differences in vital capacity between 
N.C.A. and healthy controls arc obviously not sig- 
nificant. The significance ratio of the differences 
for vital capacity is .52, for vital capacity per 
square meter is .12. 

Although vital capacities were the same in value 
in the two groups, it was of interest that more 
trials were required to obtain 3 checking values in 
N.C.A. A mean of 3.3 e.xtra trials was required 
to check the controls, as against 5.44 e.\tra trials 
for patients. This difference was significant, sig- 
nificance ratio being 2.36. Two controls and 12 
patients never checked within 50 ml.; in tliose we 
used the highest value for calculation purposes. 

Total vcnlilatioit during end cjtcr iwcrclsc: Th.e 
total of ventilation (2 minutes during and 5 min- 
utes of recovery after exercise) is sh.own in Table 
V to be higher for each e.xcrcise. in N.C.A. titn:! 
in healthy control subjects. Ti;c mean vcntilr.ti' n-, 
in liters for 7 minutes arc: Exercise I — Co:;!ri/l'. 
72.3, N.CA. S5.2; Exercise //—Controls WO. 
N.C.A. 105 -S; Exercise ///— Cr.ntr.b [>72. 

N.CA. 119.S: Exercise /J'— C-ntrC 
N.C.A. 169.9. The dinermre* V;^^r>n N.CA, 
ca^ts and ccntrcl- f-e.'r grer.tcr e r-, 
jxacc increa'^e'. 



524 


MANDEL K, COHEN AND PAUL U, WHITE 


The difference in ventilation index between 
N.C.A. and control subjects is thus due to the 
ventilation factor, not to the vital capacity factor. 

Minnie respiratory volume during and after 
exercise: Figure 2 shows that for each minute 
during and after exercise the mean minute respira- 
tory volume is higher in N.C.A. than in healthy 


controls. The differences become greater as the 

VEttTILATlOM DURIhG AfID AFTER EXERCISE 



-f- MlIiOTES 

Fig. 2 

The ordinate shows liters per minute of pulmonary 
ventilation; on the abscissa arc marked off the time 
intervals during 2 minutes of exercise and 5 minutes 
of recovery. For all minutes and all exercises the pa- 
tients show higher minute respiratory volume than do 
the controls. 

DlFFEREflCES BETWEEN VENTILATION MEANS 
(N.C.A. vs. HEALTHY SOLDIERS) 



Fig. 3 

The ordinate shows the excess between minute re- 
spiratory volume for each minute and each exercise in 
N.C.A. The abscissa marks off the difference at rest 
(baseline), and the time intervals during 2- minutes of 
exercise and 5 minutes of recovery. Roman numerals 
indicate progressively increasing speeds of exercise. 
The differences are more marked in the early recovery 
period. 


PERCENTAGE DIFFERENCE 
BETWEEN VENTILATION MEANS 
(N.CA. vs. HEAITHT SOLDIERS) 



<-M»NOTES 


Fig. 4 

The ordinate shows the percentage difference be- 
tween ventilation means of N.CA. and controls, using 
the controls as a basis of comparison, for each minute 
and each exercise. The abscissa marks off the time 
intcn’als, baseline indicating the initial resting value, 
and the time intervals during 2 minutes of exercise and 
5 minutes of recoverj'. Roman numerals indicate pro- 
gressively increasing speeds of exercise. The per- 
centage differences are more marked in the early re- 
covery period. 


pace of exercise becomes more rapid.- Figures 2 
and 3 further illustrate that the differences are 
more marked after exercise than during exercise. 
The percentage difference between the mean venti- 
lation in N.C.A. and in healthy control subjects, 
using the mean ventilation of the healthy subjects 
for that minute as a baseline, reaches its peak dur- 
ing the second recovery minute, as shown in Fig- 
ure 4. 

Respiratory rate and tidal air: The respiratory 
rate was greater in N.C.A. than in controls. Table 
VI shows that this is true during the preliminary 
baseline observations and for each exercise, the 
data for the fourth minute (i.c., second recovery 


TABLE VI 


Respiratory rate and tidal air 
During 4th mhmte of test, i.e., 2nd recovery minute 


Exercise 

Number 

Respiratory rate 

Tidal air 

Controls 

N.C.A. 

Controls 

N.C.A. 

Controls 

N.C.A. 




mtnufe 

ml. per M' 

Baseline 

53 

49 

15.3 

17.2 

293 

317 

I 

31 

55 

15.4 

18.4 

343 

377 

II 

28 

54 

16.5 

20.4 

386 

420 

III 

26 

52 

16.2 

21.3 

423 

460 

IV 

37 

51 

17.6 

22.9 

583 

634 
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TABLE VU 


Dyspnea, distress, and exercise in 55 N.C^. patients and 54 control subjects 
Degrees of dyspnea associated with each rate of exercise 
(per cent incidence— degrees of dyspnea) 



None 

Slight 

Moderate 

Severe 

Controls 

N.CA. 

Controls 

N.CJt. 

Controls 


Controls 

N.C-A. 

Exercise I 

83 

29 

13 

49 

4 

18 

0 

4 

Exercise II 

67 

9 

26 

40 

6 

38 

0 

13 

Exercise III 

54 

. 8 

37 

31 

9 

45 

0 

16 

Exercise IV 

26 

4 

33 

14 

33 

24 

7 

58 


Per cent incidence of dyspnea and of distress or discomfort associated 
each rate of exercise 



Dyspnea. 

Distress 

Controls 

N.CA. 

Significance 

ratio 

Controls 

N.CA. 

Significance 

ratio 

Exercise I 

17 

71 

3.5 

9 

30 

2.6 

Exercise II 

31 

91 

3.9 

14 

61 

5.2 

Exercise III 

46 

92 

3.8 

14 

67 

6.0 

Exercise IV 

74 

96 

4.5 

25 

73 

5.1 


minute) being presented. Table VI also shows 
that the tidal air, adjusted for body size, is greater 
in N.C.A. during the recovery period after each 
e.xercise. 

Calculation reveals that the maximum percent- 
age rise in respiratory rate is 33 per cent in N.C.A. 
as compared with 15 per cent in controls; the 
maximum rise in tidal air is 1(X) per cent in 
N.C.A. as compared with 99 per cent in controls. 
This shows that the differences in minute respira- 
tor}’ volume between N.C.A. and controls are 
largely due to the disproportionate rise in respira- 
tory rate in N.C.A. The maximum difference in 
tidal air during this time inters'al between N.C.A. 
and controls is 10 per cent, in respirator}- rate 32 
per cent. 

Subjects' azcarcucss of dyspnea and distress as 
‘related to level of ventilation index (see Table 
VII) ; Table VIII shows that for the same range 


TABLE 

Percentage incidence of "dyspnea" and "distress” 
at lentUation indices 15 throufj: 25 




of brrath 

i 

j 

\ 


Nesf 


Moifj- 

! Srvrrt 

D^ftrrM 

ControU 

63 i 

1 2S 

s 

1 j 

65 1 



^ 

1 49 

32 

51 


of ventilation index a higher incidence of patients 
reports shortness of breath and distress or dis- 
comfort as compared with controls. Not only do 
more patients feel shortness of breath but they 
also report feeling a greater degree of shortness 
of breath. For example, at this level of ventilation 
index 68 per cent of N.C.A. patients felt severe 
shortness of breath in contrast to only 1 per cent 
of healthy controls. 

This demonstrates that at the same level of 
ventilation index, the “objective correlate of dysp- 
nea,” more patients feel distress and shortness of 
breath, and to a greater degree, than do control 
subjects. This shows that the incidence and de- 
gree of dyspnea in N.C.A. is not only out of pro- 
portion to the amount of exercise, but also is out 
of proportion to the amount of ventilation and 
ventilation indc.x. 

Appearance of objective respiratory distress: 
Tabic IX shows that by our in’.j)rcss.ionistic mct'r.od 
of estimating the presence and degree of o'i;c-.:t;ve 
respirator}’ distress N.C..-\. patient^ .‘’.'.’.•■c-l a 
higher incidence of objective respiratory tf-'tre ■ 
th.m controls for the same any.unt i t exerci'e, .".t 
the same air.oun.t c: vcntilati-'n inde.r. t::e 
c.xhibitcd a h.igr.cr ineidenre ( f at j'-.'.'t - t 
objective rcsr>irr.tcr}.- di-trr*- •■■.ith a yz't.’.r: 
of it. 
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TAIILF, IX 

Appearance of rcspiralory objcclive distress in 
54 N.C.A. patients and 54 healthy controls 
Percentage incidence of appearance of objective 
distress during each exercise 


Exercise 

Controls 

N.C.A. 

I 

11 

58 

11 

33 

91 

III 

50 

96 

IV 

89 

100 


Percentage incidence of appearance of objective 
distress and its seventy for ventilation 
indices 15 through 25 


PcrccntaRC incidence of nppcarancc of objective 
respirator!' distress 



None 

SliRht 

Moderate 

Severe 

Controls 

60 

29 

11 

0 

N.C.A. 

19 

58 

21 

9 


When we compared our estimates of the 3 de- 
grees of severity of objective breathlessness with 
the 3 degrees of the patients’ subjective reports, 
there was noted a tendency for the patients to 
report feeling more than we estimated, for the 
controls to report less. This comparison is ob\d- 
ously impressionistic, and this must be taken into 
consideration when evaluating this type of data. 

Summary, 1. Ventilation index is higher in 
patients for each exercise than in controls, the 
difference becoming greater as the rate and 
amount of exercise increase. 

2. Vital capacity does not differ from that of 
controls. 

3. Total pulmonary ventilation is higher, during 
and after exercise, the difference being greater as 
the rate and amount of exercise increase. 

4. The high ventilation index in N.C.A. is due 
to the high ventilation, therefore, and not to the 
vital capacity factor. 

5. The resting minute respiratory volume, with 
persons seated and breathing air, is slightly but 
significantly higher in patients. 

6. Minute respiratory volume is higher in 
N.C.A. for each minute and for each exercise. 
The greatest minute respiratory volumes are noted 
at the beginning of the recovery periods, not dur- 
ing the exercise. 

7. Both respiratory rate and tidal air are higher 
in N.C.A. than in controls, as judged from the sec- 
ond recovery minute. 


8. The differences in minute respiratory volume 
between N.C.A. and controls are largely due to 
the disproportionate rise in respiratory rate in 
N.C.A. 

9. For the same amount and rate of exercise 
patients complain in higher incidence and of a 
greater degree of shortness of breath than do 
controls. 

10. For the same amount and rate of exercise 
patients complain in higher incidence of distress 
and discomfort, 

11. For the same amount and rate of exercise 
more patients exhibited objective respiratory dis- 
tress than did controls. 

12. For the same level of ventilation index more 
patients exhibited objective respiratory' distress 
than did controls. 

13. In comparing our estimates of patients’ ob- 
jective respiratory distress with patients’ subjec- 
tive reports, there was noted a tendency for the 
patients to report more than we estimated, for the 
controls to report less. 

14. Both the awareness of and outward appear- 
ance of shortness of breath are related in N.C.A. 
to some factor or factors other than amount of 
pulmonary' ventilation. 

Breathing zvhilc tvalking and running on a treadmill 

Method. Ventilation and ventilatory efficiency were 
studied in N.C.A. patients while running at 7.0 miles per 
hour and while walking at 3.5 miles per hour on a tread- 
mill, Grade 8.9 per cent - by methods described by Rob- 
inson (12). Other aspects of this study have been re- 
ported elsewhere (3, 13). 

Results. Table X shows that during running 
ventilation starts higher but ends lower ; as the run 
progresses ventilatory efficiency is lower at all in- 
tervals of run for N.C.A. Data from a group of 
younger men (14) are included for comparison 
and the N.C.A. patients differ even more from 
them. 

During the walk there is a higher pulmonary 
ventilation and a lower ventilatory efficiency in 
N.C.A. 

Summary. Ventilation is higher in N.C.A. 
for moderate work than in controls, is higher in 
N.C.A. as hard work begins but becomes lower as 
hard work progresses. Ventilatory efficiency is 

" Referred to in previous Harvard Fatigue Laboratory 
publications as 8.6 per cent. 
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TABLE X 

Pulmonary venlilalion and venlilatory efficiency 
N.C^. pj, controls 

While running on a treadmill — 7.0 miles per hour 
at 8.9 per cent grade, pulmonary ventilation 
in ml. per kilo and min. 


• 

Age 

No. 

1-1 min. 

1-2 min. 

2-3 min. 

Healthy men 

20 

46 

730 

1,027 

1,231 

Healthy men 

29 

20 

645 

977 

1,216 

N.C.A. 

28 

20 

829 

1,037 

1,108 

Ventilatory efficiency | 

' Os consumed \ 

, Ventilation / 


Age 

No. 

|-1 min. 

1-2 min. 

2-3 min. 

Healthy men 

20 

46 

5.34 

4.90 

4.23 

Healthy men 

29 

20 

5.29 

4.59 

3.92 

N.CJt. 

27 

18 

5.29 

3.68 

3.46 


While walking on a treadmill, 3.5 miles per hour, 
8.9 per cent grade 



No. 

Ventilation 

Ventilatory 

effidenej' 

Healthy men 

20 

ml. Per kilo 
and min. 

574 

5.1 

N.C.A. 

20 

657 

4.5 


lower in N.C.A. than in healthy controls for mod- 
erate and hard muscular work. 

DISCUSSION AND SPECUL.ATION 

In ncurocirculatorj' asthenia, anxiety neurosis, 
or effort syndrome many respiratoiy- symptoms oc- 
cur in high incidence. They constitute a character- 
istic and therefore diagnostic feature of the dis- 
order; the absence of such symptoms makes the 
diagnosis of N.C.A. improbable. The complete 
mechanism of these s 3 'mptoms is unknown. It is 
of interest that when respiration is investigated ob- 
jective abnormalities are found, just as when other 
symptoms of N.C..A.. are investigated with ob- 
jective rnethods (3), which demonstrates that the 
abnormalities arc not all in the subjective sphere. 

The abnormalities at rest and breathing oxygen 
arc few; while breathing air at rest M.R.V. was 
higher; during exercise the abnonnalitics become 
more pronounced, the deviations from the nonnal 
Ivecoming greater as rate and amount of cxccrcisc 
increase. This is of interest jiarticularty since the 
jviticnts dis.abilit\- involves especially l-jinl work. 

^ cntilation indc.x was higher in N.C,.\. th.an in 
contrn.s. Tins was tn:e. but to a le^^cr degree, in 


cases of “cardiac neurosis” described by Harrison 
(15) who felt that the differences were not note- 
worthy. The differences between N.C.A. and con- 
trols are more marked in this stud}', probably due 
to the fact, as suggested to us by Harrison (16), 
that his healthy controls were less fit than ours and 
our N.C.A. patients were sicker clinically than 
those he studied. In fact, this corresponds with a 
general scheme in which the most fit and youngest 
subjects show lowest values, the healthy men in 
the late twenties are next, N.C.A. higher, the most 
severe being highest (Table XI). Patients 
with heart disease, of course, are highest (10). 


TABLE XI 

Levels in ventilation index in various groups of healthy 
men and in N.Cji. patients 


Subjects 

No. 

Exercise 

II 

IV 

Athletes (Harrison, 17) 

13 

16.4 

23.7 

Medical students (Harrison, 17) 

41 

17.3 

28.6 

Healthy soldiers 

54 

18.4 

29.0 

Undergo years of age (Harrison, 10) 

10 

20.8 

34.8 

Cardiac neurosis (Harrison, 15) 

16 

22.2 


Neurodrculatory asthenia 

55 

23.2 

36.9 


The ventilation factor accounts for the high 
ventilation index. The ventilation is highest after 
exercise, disproportionately so in N.C.A. as com- 
pared with controls. This may be related to other 
evidence of increased ox}'gcn debt in N.C..'\. and 
high blood lactate after e.xercise (3, 5, 13). It is 
possible that the higher blood lactate concentration 
during and after e-xercise in X.C..A. may partici- 
pate as a stimulus to augmented ventilation. No 
crucial data arc at hand that bear on these point.--'. 
It is not known to what extent factors of physical 
training and patients’ attitudes affect these results. 

It is of further interest that the greater the .■•tres'. 
or stimulus the greater and the more frequent ti’.c 
respirator}' abnormality in N.C..-V. Thi,-- corre- 
sponds with patients’ clinical histor}.', with oh-e.-v.-- 
tions such as earlier ones made by one l i u'. 
(White, IS) tl:at running while wc.arir.;; a ga'. 
mask was especially ditTirul: .an;! tx'.rcrr.rly r,’ nor- 
mal in patients v.ith effort '■yn.'irrn'.e and ncur---- . 
Ti'.e general rule th.at th.e grr.atcr t!'." th- 

more obvious tb.c abn-’ r::'.;;;!'.’. in N f :■ tr';:' 
of p’ncnonitna c th'-r th.-.n re pirr/^r;. f '■ ’ r ••x- 
r.mple. rr-^r--, n-e p.rnn ('.* !. 
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Tlicrc has been a certain amount of discussion as 
to the proper definition of dyspnea. Means (19) 
defines it as a "symptom that arises whenever in 
carrying on the respiratory function difficulty is 
encountered.” He points out that "when, how- 
ever, the respiratory organs do meet with embar- 
rassment in the performance of their task, then not 
only do their movements enter the field of con- 
sciousness, but they enter it unpleasantly and pro- 
duce discomfort, that is to say dyspnea.” Mcakins 
(20) states "dyspnea is the consciousness of the 
necessity for increased respiratory effort.” Har- 
rison (10) regards dyspnea as a subjective phe- 
nomenon purely. Wright (21) states that "when 
the breathing enters consciousness unpleasantly 
and produces discomfort it is called dyspnoea.” 
Christie (22) takes exception to this point of view, 
feeling that dyspnea should describe "difficult, pain- 
ful, bad, or disordered breathing. The word can 
therefore be used objectively as well as subjectively 
and the more elastic definition of dyspnea as breath- 
ing associated with effort is fully justified.” He 
points out that if one adopts too rigidly the defi- 
nition of dyspnea as a subjective complaint "the 
absurdity is admitted that the hysterical patient 
who shows no evidence of increased ventilation or 
respiratory embarrassment but complains of in- 
ability to get enough air into the lungs is truly dysp- 
neic ; while the patient with pneumonia who, though 
distressed, refuses to admit a feeling of breathless- 
ness is not dyspneic.” 

It is not clear to us what the proper usage of the 
word dyspnea should be. If the word is used at all, 
however, it should be used uniformly to mean the 
same thing by all observers. It is clear from this 
study that the subjective feeling of shortness of 
breath and distress is not based entirely on the 
amount of ventilation, since N.C.A. patients feel 
more shortness of breath and distress for the same 
amount of ventilation than do controls. This is 
true in addition to the fact that for the same 
amount of work N.C.A. shows higher ventilation 
and ventilation index. 

It is important, therefore, that the subjective 
complaints of shortness of breath, distress, and 
discomfort be considered as not identical with the 
phenomenon of increased respiratory volume. 
There is, it might be added, no definite evidence 
as yet as to what area or areas of the brain are 


associated with the localization of the subjective 
feelings of dyspnea. 

The tendency of N.C.A. patients to react more 
to uncomfortable stimuli is present in other spheres 
of discomfort, such as thermal pain and uncom- 
fortable hand gripping (3, 5), and is also evidenced 
in other functions such as pulse rate (3). These 
facts do hot explain the phenomenon but make it 
important to realize that it is not an isolated one, 
since N.C.A. patients react more than do controls 
to other types of stimulus and with other systems. 

We were not able to confirm the finding of low 
vital capacity in effort syndrome patients in whom 
similar studies of respiration were made (23). 
These obsen^ers reported vital capacity mean of 
2,840 ml. in patients and 4,172 ml, in controls. It 
is possible that difficulty in checking vital capacity 
results in N.C.A. may account for this difference. 
We found that patients and controls had identical 
vital capacity values as determined by our strict 
technique, but patients took more trials for a check. 
Whether this was due to poor motivation, poor 
voluntary control of respiratory movements, differ- 
ent type or stage of illness studied, or to other fac- 
tors is unknown. 

The evidence of poor ventilatory efficiency cor- 
responds interestingly, although it may not explain, 
another symptom which patients have which is 
that they "can’t get in enough air” or that “air 
doesn’t seem to do as much good as it should.” 

CONCLUSIONS 

1. In neurocirculator}' asthenia, effort syn- 
drome, or anxiety neurosis there are many symp- 
toms referable to respiration. 

2. At rest, while breathing oxygen, patients 
show rapid respiratory rate and abnormally shal- 
low breathing. 

3. While breathing air, minute respirator}' vol- 
ume is significantly higher in N.C.A. at rest and 
during moderate exercise than in controls, becom- 
ing lower as hard exercise progresses. 

4. The greatest disproportion in pulmonary ven- 
tilation between patients and controls occurs in 
the early minutes of the recover}' period after ex- 
ercise, suggesting a relation to the high blood lac- 
tate and oxygen debt mechanism. 

5. Vital capacity is normal in neurocirculator}' 
asthenia. 
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6. Ventilation index, an objective correlate of 
dyspnea, is high in neurocirculatoiy asthenia. 

7 . The incidence and degree of dyspnea are out 
of proportion to the severity of exercise, the pul- 
monarj" ventilation, or the ventilation index in 
N.C.A. 

8. Ventilatory efficiency is low in neurocircula- 
tory asthenia both in moderate and in severe mus- 
cular exercise. 
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The development of irreversibility to transfu- 
sion in the dog in hemorrhagic shock can be pre- 
vented by vivi-perfusion of the liver with arterial 
blood from a donor animal (1). The peculiar 
relationship of the liver to hemorrhagic shock is 
emphasized by the fact that vivi-perfusion via other 
channels does not prevent the development of ir- 
reversibility to transfusion. If the loss of integrity 
of the liver parenchyma is the key to the problem 
of peripheral circulator}^ collapse in shock, it be- 
comes important to determine to what extent the 
damage to liver cells, if allowed to occur, may be 
corrected by restoring normal oxygen and volume 
flow requirements to the damaged liver cells. This 
problem was attacked by allowing the dog to de- 
velop irreversibility to transfusion and then per- 
fusing the liver by cross-circulation with a donor 
dog. Repair of liver cell injury should then be 
reflected in a reversal of the rapidly progressive de- 
terioration of the peripheral circulation character- 
istic of advanced shock. This communication will 
present data showing that hemorrhagic shock 
which has not responded to transfusion can be suc- 
cessfully treated by cross-circulation of the liver 
via the splenic vein with a healthy donor dog and 
that cross-circulation via a systemic vein is not 
effective. 

METHOD 

Hemorrhagic shock was induced in non-anesthetized 
dogs who had been given a single intramuscular injection 
of morphine (2 mgm. per kgm.). Incisions were made 
under local anesthesia. Those dogs which were to be 
perfused via the splenic vein were prepared 1 to 3 weeks 
in advance by splenectomy and subcutaneous implanta- 
tion of a large splenic vein. In a few instances this vein 
was found to be occluded. Such dogs together with other 
normal dogs were used for perfusion via a systemic vein. 

1 The work described in this paper was done under a 
contract, recommended by the Committee on Medical 
Research, between the Office of Scientific Research and 
Development and Harvard University. 


Shock was induced by bleeding from a femoral artery at- 
tached to an elevated reservoir so that the blood pressure 
was maintained at 30 mm. Hg until "irreversibility” was 
considered to have developed in accordance with standards 
previously described (1). All shed blood was then rapidly 
infused via a femoral vein and the post-transfusion course 
was observ'cd until it was clear that the animal had again 
relapsed into shock. At this tifnc cross-circulation with 
a normal donor dog of about the same size was started 
(Figure 1). Blood from the donor dog’s femoral artery', 
which was connected by means of clean (alkali-treated), 
but not sterile, rubber and glass tubing to the splenic or 
femoral vein of the dog in shock, was returned to the 
donor’s femoral vein from the femoral artery of the dog 
in shock. Flowmeters were interposed in the delivery 
and return circuits. These were constructed as previously 
described (1) c-\ccpt that the dimensions of the return 
flowmeter were altered to accommodate the flow from 
the recipient at a higher pressure than obtained in the 
previous series (1). Continuing failure of the shocked 
dog’s circulation was manifest by progressive decline in 
the recipient’s blood pressure and evidence of exsanguina- 
tion of the donor into the recipient. Both animals were 
maintained above shock levels of blood pressure by adding 
heparinized blood taken from other normal dogs. Cross- 
circulation was continued until the recipient dog was ob- 
viously terminal or had recovered sufficiently to maintain 
a normal blood pressure without added blood. Cross- 
circulation was then terminated. All vessels were ligated, 
sulfanilamide powder was placed in the wounds, and the 
incisions were closed. 

Lactic acid, glucose, amino acid nitrogen, and non-pro- 
tein nitrogen were measured in specimens of arterial blood 
by the methods previously used ( 1 ) . Blood urea nitrogen 
was determined by the method of Karr (2). 

RESULTS 

Data on 9 liver-perfused and 9 control dogs are 
given in Tables I and II. No evidence of a toxic 
substance passing from the dog in irreversible 
shock to the donor was noted. Drops in donor 
blood pressure were considered as evidence of 
“taking-up” “ by the recipient dog. When the vol- 

2 If the dog in hemorrhagic shock bleeds into an elevated 
reservoir, connected to a large artery, until the falling 
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Fig. 1. Diagrammatic Representation- of the Vascular Circuit in Luxr Perixsion 


lime of blood lost to the recipient during the "tak- 
ing-up” period was replaced and the donor’s blood 
pressure returned to normal, the donor remained 
in good condition for the rest of the experiment. 
Several experiments in which technical accidents 
resulted in death of the donor dog were discarded. 

Wood pressure equals the hydrostatic pressure (30 mgm. 
Hg) in the rcser\-oir, the dog remains stabilized at this 
pressure until after some time, varying from P.A to 3 
hours, when blood begins to return from the reservoir to 
the artery. The sustaining effect of this additional blood 


on the blood pressure is slight and short-lived and the 
lahii:p-u{'’' of blood by the dog from the resers’oir pro- 
ceeds continuously or intermittently but with increasing 
speed until death. If one substitutes for the resers-oir a 


donor dog in circuit with the dog in sliock before th 
taVung-up process begins or while it is in progress, th 
donor dog will serve as a rcsers'oir and h.is blocxi pres 
sure will fall as he c-xsanguinates himself into th.c rccipicn 
Tlse added Wood pools in the recipient’s peripV.eral \-a! 
cular l>e-d. which, having lost tone, dilates pa'«ivclv to r< 
crive tlie Mcv>i This -taking-up" rhenom-n .n! prev 
<;us!y de!c.-il<d in Paper Xlll of the series iT >. i- an. o' 


je; 


of 

the peripheral ci; 




c 


The control dogs (Table I) showed little or no 
benefit from the cross-circulation. “Taking-up,” 
which is an objective demonstration of paralysis 
of peripheral \-ascular tone and trapping of blood 
(3), not only continued after cross-circulation was 
started but often increased in the next hour or 
Uvo so that it became difficult to sustain the bloosl 
pressure of the recipient (Table III). The bloofl 
pressure continued to fall in spite of the infusion of 
1 to 2 or 3 times the estimated total blood volume 
in addition to the original transfusion. Cro-;''- 
circulation was discontinued when tlie hlckod prc<- 
surc declined to 30 mm. Hg and the d'ly, v.-.ts virtu- 
ally in terminal shock. The pcrio-l of cro-'*: -circu- 
lation was shorter in the control s' ries ilu'.n in th.e 
Hver-perfused group Ix-cnuse <■: ti'.e rripid deciin,'- 
and early death. Seven of t';e t' d'-p; v. ith-n 

12 i'.ours after st.aning cros--circu'.-;ti ■ti. S"r.'- of 
these dogs Iiad severe I'f^' '!;r.rf’:rr. C*.”,'- d -,' 

die-I in IS itour' and I' re ‘’'".l < l.T 2''» '*srv:'i '1 
I d.-y. TJ-.e !.-.:t-r .mght In-. r In. c-1 tr,-- I-*-,- 
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fusion period of decline in blood pressure to the 
level selected for beginning cross-circulation was 
exceptionally long (3% hours). 

The liver-perfused dogs (Table II) exhibited 
several interesting phenomena. “Taking-up,*’ 
which was as active as in the controls for the fir.st 
hour or two of cross-circulation, gradually slowed 
up or disappeared (Table III), an index, we be- 
lieve, of the recovery of tone in the peripheral 


vascular system. The blood iircssure, which at 
first was difficult to maintain above 70 to 80 mm. 
Hg, climbed steadily and eventually stabilized at 
or above 100 mm. Hg. After some 5 hours of 
cross-circulation, marked clinical improvement 
was evident from the return of alertness, restless- 
ness, quick response to environmental stimuli, and 
the excretion of urine. At this stage cross-circu- 
lation was discontinued. After the wounds were 


TADI.E 1 


The effect of vivi-pcrfiision via Ike femoral vein (controls) 


Doe. no. 

Doe wdElit 

1 

Volume bled j 

i 

Shock 

duration ' 

Best B.P. i 
response to 1 
transfusion ! 

Period* of 
relapse into 
shock 

B.P. at 
start of cross- 
circulation 

Duration of 
cross- 
circulation 

Survival 


kern. 

1 

ttiL 1 

hrs. 

mm, lit 

hrs. 

mm. Hg 

hrs. 


LT 1 

8 


2i 

90 

X 

4 

65 

2 

0 

LT 3 

10 


7 

SO 

X 

4 

60 

X 

4 

0 

LT 6 

19 

800 

3 

95 

*J 

i 

60 j 

4 

0 

LT 19** 

22 

1,100 

4 

85 

I 

60 

7 

18 hours 

LT 22** 

12 

450 

3 

80 

1 

50 

6i 

0 

LT 26** 

23 

780 

3} 

110 

31 

60 

l-J 

1 day 

LT 27 

21 

1,400 

5 

80 

4 

45 

1 

4 

0 

LT 28 

24 

900 

3i 

80 

i 

60 

5h 

0 

LT 29 

21 1 

1,150 

(Average 4) 

70 

0 

30 

1 

3 

(Average 3J) 

0 


* Period between end of transfusion and start of cross-circulation. 
** Splenectomy done 1 to 3 weeks earlier. 


TABLE n 


The effect of vivi-perftision via the splenic vein (liver-perfused dogs) 






Best B.P. 

Period* 

B.P. at 

Duration 




Dos 

Volume 

Shock 

1 response 

of relapse 

start of 

Survival 

Remarks 

no. 

weight 

bled 

1 duration 

I to trans- 
I fusion 

into 

shock 

cross- 

circulation 

circulation 


kgTfi, 

wl. 

hrs. 

mm. Hg 

hrs. 

mm. Hg 

hrs. 

days 


LT 4 

18 

750 

3 

60 

1 1 
5 

75 

6 

+ (1) 

Decorticate after 

1 

1 

i 

1 

1 

1 

1 

j 

0 

+ (7+) 

drop in B.P. fol- 
lowing ligation of 
splenic pedicle at 
end of e.\periment 







LT 7 
LT 8 

16 

20 

525 

400 

21 

4 

80 ; 
100 

1 

3i 

50 

65 

1 I 

4J 

Sacrificed in good 
health 

LT 18 

19 

550 

2 

70 

0 

60 

8| 

-h (7+) 

Sacrificed in good 
health 

LT 20 
LT 21 

20 

21 

700 

800 1 

1 

4^ 

80 

110 

X 

4 

1 

50 

60 

6 

5^ 

-t- (3) 

-h (7-f) 

Sacrificed in good 
health 

LT 23 
LT 24 

24 

19 

1,000 
1,000 i 

1 

3i 

3i- 

100 

100 

X 

2 

1 

50 

40 

6 

5i- 

+ (2) 

+ (2) 

Severe pulmonary 
congestion at 
autopsy 

? cerebral damage 
during periods of 

LT 25 

21 

1,100 

n 

70 

1 

4 

50 


+ (2) 



1 

1 

1 







accidental blood 
loss during experi- 
ment 


' 


(Average 4) 




(Average SJ) 




* Period between end of transfusion and start of cross-circulation. 
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TABLE ni 

"Taking-Up" during vivi-perfusiem 


Blood added during each hour of cross-circulation (ml.) 



Dog 

no. 

lEt 

hr. 

2nd 

hr. 

3rd 

hr. 

4 th 
hr. 

Sth 

hr. 

6th 

hr. 

7th 

hr. 

8th 

hr. 

9th 

hr. 

Total 

Total 

SuniT.*a! 












ml. 

ml. perkgm. 



LT 1 


1,800 








2,400 

300 

0 


LT3 

■ Hi I ll 









1,650 

165 

0 


LT6 

Htrni 

400 

200 

300 






1,100 

58 

0 


LT 19 


100 

100 

400 

300 

200 

300 



1,600 

73 

18 hrs. 

Controls 

LT22 

mw. 1 ll 

0 

0 

0 

200 

0 

0 



1,400 

117 

0 


LT26 

mm I il 

1,050 








2,250 

98 

I dav 


LT27 

Bli: 1 ll 









1,800 

86 

0 


LT28 

HtTil 

600 

200 

200 

0 

750 




2,200 

92 

0 


LT29 

l&ssi 

500 

500 







2,500 

119 

0 












Averac 

'e: 123 



LT4 

400 

200 

200 

0 

300 

0 




1,100 

61 

t - 


LT7 

3,550 









3,550 

222 

6 


LT8 

1,400 

400 

200 

100 

0 





2,100 

100 

JL 

Liver- 

LT 18 

800 

550 

200 

0 

200 

200 

0 

200 

400 

2,550 

134 

4“ 

perfused 

LT 20 

200 

200 

100 

100 

100 

100 




800 

40 

"T 


■WIWI 

600 

200 

200 

300 

0 

0 




1,300 

62 



LT23 

900 

400 

200 

300 

0 

0 




1,800 

75 

O- 


LT24 

200 

200 

0 

0 

0 

0 




400 

21 

o. 


LT25 

400 

600 

200 

0 






1,200 

57 

O- 

1 












.•\vera£ 

;e: 69 













(sun'ivors only) 



repaired, the dogs were removed from the opera- 
tion table, appeared strong, walked, and drank 
water. 

Of 9 dogs, S sundved 1 or more days, which is 
considered survival from the point of view of the 
shock state. Dog 7, which died 1 hour after begin- 
ning cross-circulation, showed such rapid and un- 
abated "taking-up” as to indicate the onset of ter- 
minal shock before liver repair could be achieved. 
No precautions against infection were observed 
during the experiments and no after-care was pro- 
vided for the sur\’iving animals. Bloody diarrhea 
was obserA'cd in 3 dogs. The blood NPX level 
was normal several days after the experiment in 
the 2 dogs in which this determination was made. 
One dog, which died after 4S hours, showed bi- 
lateral pneumonia. Three were sacrificed after 7 
days. Another, which developed a temporary 
severe hypotension when the splenic pedicle was 
tied upon discontinuing the perfusion, became de- 
corticate and, tliough not in sho-rk. died some 2S 
I’.ours later. In unancsthetized dogs, gross evi- 
dence o: brain da:n,ige docs not appear during tb.e 
interval o: tb.csc c.xperimcnts at bloo-J pressure 
lc\rls of oO mm. Hg or high.cr. But even momen- 


tary' drops below this pressure result in respiratory 
failure and signs of decortication. Such drops oc- 
casionally occurred in these experiments. Their 
immediate correction restored normal respiration, 
but if signs of decortication persisted, the sur- 
vival period after recovery from shock did not last 
more than 1 to 2 days. 

Data are given in Table IV showing the efTcct.s 
of cross-circulation on the blood concentration 
values of 4 metabolites. It will be observed that 
the blood lactic acid, which has already been re- 
duced by the original transfusion (4). is still fur- 
ther reduced by cross-circulation. But since tlic 
magnitude of the reduction is equally grc.at in horh 
series, it may be concluded tliat the lactic acid level 
bears no relation to the outcome of th.c ,'^hc<ck rt.atc, 
A similar conclusion v.ms rcachcfi frren oth.cr <!ata 
(4). The fall in blood glucose th.a: rv-curv .after 
the original transfusion is not .allcvi.'.ted by cro - 
circulation. The sustained gluc' e Ic'.e’ rf t:;- 
donor in tb.e livcr-t'crfu^c! 'crfe indi-nte- tKs.t 
tl:c demand on tt;; donor animal for gl'.;'<- - 
iHc liVcr-j^rfuT' i' i * t r * ■. 

t::r cor.tro! rcc:: ’cr.:. Tr." rrTv'*. : I'*.'' " !' * 
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TAUUF IV 

Analyses of blood from the shocked dog before and 
during vivi-perfusion, in liver-perfused 
dogs and in controls 

Eacli fiRUrc is an average of all experiments. The 
number of determinations represented in the average is 
given in the right upper corner of each box. The figure in 
parenthesis is the average value for the analyses of samples 
of the donors' blood, taken at the same time as the rc- 
pients'. 



Nor- 

mal 

Shock 

Cross-circul.ation 

Before 

trans- 

fusion 

After 

trans- 

fusion 

1 

0-4 lirs. 

4-8 hrs. 

I..nclic Acid 

(rtigm 
fcT ctnl) 

liver* 

perfused 

dORS 

9 

28.5 

5 

89.0 

5 

71.5 

5 

37.0 

(35.0) 

4 

29.0 

(43.0) 

controls 

9 

28.5 

3 

85.5 

5 

54.5 

5 

40.5 

(3S.S) 

2 

30.0 

(33.0) 

Glucose 
(mgm. * 
fer cfiil) 

' livcr- 
perfused 
dORS 

8 

109 

4 

102 

4 

87 

4 

86 

(95) 

4 

70 

(141) 

controls 

8' 

109 

3 

135 

3 

88 

5* 

62 

(ID 

2 

67 

(74) 

Amino N 

per cent) 

' liver- 
perfused 
does 

14 

11.4 

7 

20,7 

5 

19.2 

10 

14.0 

(13.4) 

7 

14.5 

(16.0) 

controls 

14 

11.4 

5 

16.2 

4 

14.6 

9 

14.4 

(11.8) 

3 

18.4 

(IS.S) 

Urea N 
(mgw. < 
per cent) 

liver- 

perfused 

dogs 

12 

8.9 

5 

22.2 

4 

20.9 

8 

I 

25.8 

(15.0) 

5 

25.2 

(25.3) 

controls 

12 

8.9 

5 

20.7 

4 

15.2 

9 

17.6 

(16.2) 

1 3 

20.6 

(ZO.Z) 


circulation, but is uninfluenced in the control 
series. Urea synthesis proceeds during the shock 
state and the donor is unable to reduce the blood- 
urea level. The shifts in the levels of these metabo- 
lites affect donor and recipient about equally, with 
the exception of glucose in the liver-perfused se- 
ries. There is no evidence from these data that 
alterations in the blood levels of these metabolites 
bear any relation to survival or death of the dog in 
hemorrhagic shock. 

DISCUSSION 

These experiments demonstrate that vivi-perfu- 
sion of the liver for 5 to 9 hours with arterial blood 
from a donor animal is an effective therapeutic 
agent for the treatment of hemorrhagic shock 
which fails to respond to restoration of normal 
blood volume and to other agents (5). The con- 


tribution of the donor animal consists at least in 
furnishing a sufficient volume flow of arterial blood 
to the liver. Docs the donor animal contribute 
something more, such as supplies of glucose and 
other metabolites, electrolytes, enzymes, and de- 
toxifying or equilibrating processes not available 
to the dog in shock, c.g. renal function? Since 
such additional benefits arc also available to the 
control dog, the specific and crucial service fur- 
nished by the donor must be related to what is sup- 
plied directly to the recipient’s liver. It is the re- 
sponse of the recipient’s liver to this service which 
results after several hours of cross-circulation in 
the slowing up and disappearance of the “taking- 
up” phenomenon and the concurrent recovery of 
peripheral vascular tone, which is evident from the 
progressive improvement in the hemodynamics and 
the disappearance of the shock state. 

Our data in a previous publication do not contra- 
dict or support the inference that a toxic factor, such 
as the vaso-depressor material of Shorr ct al (6), 
can be implicated as the chief factor in the collapse 
of the peripheral vascular mechanism. The data 
herewith presented likewise do not allow of such an 
inference. It should be added, however, that, if 
such an inference is not permissible, it is equally 
invalid on the same evidence to conclude that a 
protective factor, such as a normally secreted hu- 
moral product of hepatic origin, may be invoked 
to account for the stability or recovery pf the 
peripheral circulation — else why should the donor 
with a healthy liver fail to support the failing cir- 
culation of the control animal ? 

Whether those functions provided by the donor, 
which are also available to the control recipient, 
are or are not indispensable accessories to those 
supplied by liver perfusion remains to be deter- 
mined. 

What is quite clear from the data at hand is 
that “irreversibility” in hemorrhagic shock under 
the experimental conditions described is a result of 
hepatic injury and that the solution of the problem 
must be directed toward prevention or correction 
of hepatic injury.® 

"The interesting facts stand out that a trifling in- 
jury (to the liver) due to phosphorus or chloroform can 


® The relationship between hepatic injury and shock was 
observed by Whipple and his coworkers (7) who wrote 
the following; 
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be tolerated bj’ a dog with no clinical reaction. But if at 
this time . . . we perform a plasmapharesis of small vol- 
ume which was previously tolerated by the same dog with 
little to no intoxication, we immediately precipitate severe 
or fatal shock. . . . The chloroform or phosphorus causes 
an injurj’ to many liver cells and these cells are more sus- 
ceptible to other injurious agents than are normal liver 
cells. A sudden change in the protein content of the 
blood which bathes these injured cells will react more unfa- 
vorably upon them than upon the healthy and more resist- 
ant normal liver cells. These damaged (phosphorus) and 
then shocked (plasmapharesis) liver cells form substances 
which are taken up by the blood and carried to all living 
cells of the body. If these poisonous substances are suffi- 
cient in amount, we observe the development of lethal 
shock. . . . 

“We observe in other experiments that cell injury of 
other organs (kidney, pancreas, and intestine) does not 
modify the familiar reaction following a moderate ex- 
change. The control and poisoning experiments give simi- 
lar reactions. This indicates a peculiar relation of the 
liver cells to the shock reaction associated with plasma 
depiction.” 

SUMMARY AND CONCLUSIONS 

Eight of the 9 dogs in hemorrhagic shock ir- 
reversible to transfusion recovered after perfusion 
of the liver b}' cross-circulation via the splenic vein 
with a healthy donor dog. Seven of 9 dogs simi- 
larly treated, except that the donor’s blood entered 
the femoral instead of the splenic vein, did not 
survive. 

These observations demonstrate (1) that liver 
damage is intimately related to the collapse of the 
peripheral vascular mechanism in advanced hemor- 
rhagic shock, (2) that restoration of the integrit)’ 
of the liver is nccessan- for recover)- of function 
of the peripheral vascular system in advanced hem- 
orrhagic shock, and (5) that restoration of this 


aspect of liver function can be accomplished by- 
providing adequate blood flow from a donor dog 
to the liver, even after “irreversibility” to transfu- 
sion has been demonstrated. 

Acknowledgment of technical assistance is made to Mr. 
Thomas W. Barnett, Miss Gertrude W'einberger, Mrs. R. 
B. Griffin, and Miss Dorothy Kaufman. 
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Traumatic shock may be regarded as a process 
of rapid biologic disintegration resulting from pro- 
gressive tissue anoxia consequent to peripheral 
circulatory failure. This concept explains the re- 
cent growth of interest in the intermediary meta- 
bolic derangements in shock, which have been 
found to be severe, involving many enzyme sys- 
tems concerned with protein and carbohydrate 
metabolism. Since the liver is a master organ in 
this respect, it deserves close scrutiny. That this 
organ should suffer at least as severely as any 
organ in shock is suggested by the sharp reduction 
in volume and velocity of flow through the portal 
system (1, 2) and by the observed reduction of 
liver excretory functions early in shock (3). 
Moreover, the recent demonstration that cross- 
circulation of the dog in hemorrhagic shock from 
a donor dog via the liver is capable of preventing 
the onset of irreversibility to transfusion (4) and 
of curing such irreversibility when established (5) 
indicates that liver damage plays a primary role 
in the shock phenomenon. It is, therefore, natural 
that a relationship should be sought between meta- 
bolic derangements in large part normally under 
liver control and the progressive deterioration 
characteristic of the late stages of the shock syn- 
drome when therapy is no longer effective. 

The metabolism of pyruvic and lactic acids and 
glucose shows abnormalities in shock (6^ 7). In 
shock the rise in blood pyruvic acid and the simul- 
taneous and usually disproportionately greater rise 
in lactic acid, producing an increase in the lactic to 
pyruvic acid ratio, are due to anoxia. Even 
though changes in blood concentration of these 
metabolites are not specific manifestations of trau- 
matic shock, since they occur also in fever, follow- 
ing vigorous exercise, epinephrin injection, and in 

1 The work described in this paper was done under a 
contract, recommended by the Committee on Medical 
Research, between, the Office of Scientific Research and 
Development and Harvard University. 


other conditions, a change in the L/P ratio is 
considered evidence of an abnormal carbohydrate 
metabolism as, for example, in thiamine deficiency 
(8). It was considered necessary to explore the 
possible relationship between spontaneous and in- 
duced shifts in the blood concentration of these 
substances an’d the progressive deterioration in 
hemorrhagic shock leading to the development of 
irreversibility to transfusion. 

This communication reports the results ob- 
tained from a study of tolerance cun’es of glucose, 
lactic and pyruvic acids administered intravenously 
in various stages of hemorrhagic shock, both be- 
fore and after transfusion. 

METHOD 

Irreversible hemorrhagic shock was produced in mor- 
phinized dogs by a technic described elsewhere (4). The 
injection of compounds was followed by arterial blood sam- 
pling every 15 minutes for 1 hour thereafter. Tolerance 
curves were obtained before hemorrhage, during hemor- 
rhagic shock at a constant blood pressure of 30 mm. Hg, 
and after transfusion of all shed blood. Pyruvic acid== 
(Merck) was given as the sodium salt (neutralized to 
phenolphthalein) in doses of 0.5 to 1 gram for each 
tolerance test. Lactic acid (Merck, 85 per cent pure) was 
given as the sodium salt (neutralized to phenolphthalein) 
in 1-gram doses. 

Blood pyruvic acid was determined by the method of 
Bueding and Wortis (9), blood lactic acid by the method 
of Barker and Summerson (10), total amino acid nitrogen 
by the colorimetric method of Frame, Russell, and Wil- 
helmi (11). Blood glucose was determined by the method 
of Folin (12). 

RESULTS 

1. Blood levels of lactic, pyruvic, and total 
amino acids in lieniotrhagic shock 

A. In 4 dogs (M-22, 23, 27, 28) there was 
a progressive rise in blood concentration of all 3 
acids before therapeutic transfusion. The rise in 
lactic acid was steeper than that in pyruvic acid 

- The pyruvic acid was distilled within 1 week prior to 
the time of injection. 
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with a resulting 2- to 4-foId elevation of the ride solution %Yas performed in 3 normal dogs 

lactic/pyruvic acid ratio. Figures 1 and 2 give (M-15, 38, 39) . The lactic and pjTu\’ic add 

the data for dogs M-23 and M-27, which are levels rose promptly in all 3 dogs and the L/P 

typical. ratio rose in 2 dogs. The lactic acid concentration 

B. In the same 4 dogs after therapeutic trans- leveled off after one- hour in 2 dogs, but continued 

fusion, which was ineffective for survival, the to rise in the third dog (M-38), which went into 

lactic acid level fell proportionately more than shock during the injection (2 hours) and died 15 

the pyruvic acid level, with a return of the L/P minutes after discontinuance of the intravenous 

ratio to near normal. The amino acid level did drip. In 2 of 3 dogs, elevation of the blood glu- 

not change. In dog M-27, observed for 5 hours cose level was followed by a fall to below the initial 

after transfusion, a secondary rise in lactic and concentration during the second and tliird- hours, 

amino acid occurred after the blood pressure The third dog (M-15) maintained an elevated 

had again fallen below 60 mm. Hg. blood glucose level throughout the experiment 

which lasted 3 hours. All dogs showed systolic 
2. Lactic and pyrnvic acid blood levels jollovnng 2 OO mm. Hg during 

epmephnnm^ection in normal dogs the epinephrin drip. Dog M-15 surr-ived; dog 

A continuous intravenous injection of epineph- M-39 (Figure 3), whose systolic blood pressure 
rin hydrochloride (3 mgm. per kgm. per min.) in was 100 mm. Hg after discontinuance of the injec- 

a volume of 2 to 4 ml. of 0.85 per cent sodium chlo- tion, died 12 hours later. 



HOURS 


1 , 




538 


A. M. SULIGMAK, H. A. FRANK, 11. AI.KXANDK R, AND J. FJNK 



12 3 4 5 6 7 


HOURS 
Fic. 2. 


The clianges in blood lactic and P3a-uvic acids 
in these experiments were not unlike those ob- 
served during vigorous exercise (8), but of a 
lower order of magnitude than was observed 
in hemorrhagic shock. 

Comment: The changes in blood lactic and py- 
ruvic acids in shock, therefore, are not referable 
entirely to epinephrin secretion or to the blood 
pressure level. 

3. Blood levels of lactic and pyruvic acids in 
hemorrhagic shock in adrenalectomised dogs 

To determine the relationship of the blood levels 
of these acids in shock to total adrenal secretion, 
unilateral adrenalectomy was followed in 2 weeks 
by removal (under local anesthesia) of the second 
adrenal. Immediately thereafter hemorrhagic 
shock was induced. Poor tolerance to hemorrhage 
and poor response to transfusion were observed. 
In 5 dogs (M-36, 37, 40, 41, 42) so studied (Fig- 
ure 4, M-36) though the blood glucose fell, prompt 
rises in lactic and pyruvic acid and in the L/P 


ratio similar to those noted above (Section 1 
were observed. The lactic and pyruvic acid level 
remained elevated after transfusion. 

Comment: These changes in shock, therefon 
cannot be attributed to epinephrin or cortical hor 
nione secretion.. It also appears that they bea 
no relationship to the level of blood glucose. 

4. In vitro experiments 

To determine to what extent the observed shift; 
in lactic and pyruvic acids may reflect intravas 
cular clianges apart from those due to the activity 
of tissues other than blood, in vitro experiment; 
were made as follows ; 650 mgm. of glucose wen 
added to 260 ml. of sterile arterial heparinizec 
blood drawn under oil, with a resulting rise ir 
glucose concentration from 70 mgm. per cent tc 
330 mgm. per cent. The blood was kept at 37.5° 
C. under oil for 2 hours and sampled at 20-minute 
intervals. It took on the color of venous blood 
during the period of observation. The glucose 
concentration remained unchanged but the L/P 
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Fig. 3. 

ratio rose slightly, though significantly, in 2 hours, 
in part at least because of a fall in the pyruvic 
acid, a phenomenon not observed in shock. The 



HOURS 
F:'. 4. 



changes in lactic acid, pyruvic acid, and amino 
acid concentration are shown in Figure 5. 

One hundred fifteen mgm. pyruinc acid neutral- 
ized with NaOH was added to 300 ml. arterial 
heparinized blood drawn under oil and kept at 
37.5° C. The pyruvic acid concentration rose 
from 4.8 mgm. to 32 mgm. per cent immediately 
following the addition of pyruvic acid and dropped 
to 30 mgm. per cent in 1.5 hours. There was a 
concomitant rise in lactic acid, presumably derived 
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from the added pyruvate through the action of the 
red cells, Figure 6. 

Comment: These observations indicate that a 
decline in blood oxygen content per sc does not ac- 
count for. any substantial fraction of the rise in the 
blood lactic acid in shock. 

5. Glucose tolerance ctDxirs in hemorrhagic 
shock 

Seven dogs (M-16, 29, 30, 33, 34, 47, 48), in 
which irreversible hemorrhagic shock was pro- 
duced, were given 1 gram per kgm. of glucose intra- 
venously before hemorrhage, again during shock, 
and again following transfusion. Glucose, lactic 
and pyruvic acid levels in arterial blood were de- 
termined at 15-minute intervals after each injection. 

The disappearance of injected glucose from the 
blood in 4 normal dogs required more than 1 hour. 
The disappearance rate during hemorrhagic shock 
was prolonged, but following transfusion it was 
near normal, whether the subsequent decline in 
blood pressure was precipitous or gradual. 


Comment: The lactic and pyruvic acid levels 
characteristic of shock appeared not to be influ- 
enced by the injection of glucose (Figure 7). 

6. Lactic acid tolerance curves in hemorrhagic 
shock 

Sodium lactate, injected into normal dogs, in- 
creased the blood lactic acid concentration from 
10 to 30 mgm. per cent at the peak of the rise. 
The lactate was usually, but not always, completely 
cleared. In one experiment the arterial blood pH 
was lowered from 7.4 to 7.2 (glass electrode). 
No significant alteration in blood pyruvic acid 
occurred. 

Following the injection of lactate in hemor- 
rhagic shock (Figure 8, M-19), the resulting 
superimposed rise in the blood lactic acid level 
was no greater than that following the injection 
of lactate in the normal dog. The shocked animal 
was able to clear the blood of injected lactate 
about as well as the normal dog. 

Following transfusion, injected lactate was 
cleared from the blood at a normal or greater than 



Fig. 7. 
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normal rate. In one experiment (Figure S, 
M— 19) the e.xpected fall in blood lactic acid level 
was so rapid as to mask completely the increase 
due to injected lactate, even though a transfusion 
was ineffective and was followed by a rapid de- 
cline in blood pressure. 

Comwcuf: Since injected lactate is cleared from 
the blood in hemorrhagic shock at a normal rate 
even when the animal is d 3 'ing after an ineffective 
tr.ansfusion. the deterioration of the organism in 
shock cannot be accounted for bj* the failure of 


ai.w-mc sy.'tcms to catabolir.c this carbohydm 
intermediate. The foregoing data also sutrg( 
that an increase in tlic rate of lactic acid pr 
duction is not the .'olc determinant of tlic lc\ 
achieved. .An alteration in the equilibrium l>c:we 
l..ct.atc and pvruvate or otb.cr carl'olv.dratc intc 
n.ed-.atfs nia_v exist and I'C due in part to imp-i: 
ment o: volume and ve'oritv of lilr-od n-.-.v rath 


to cr.r\Tt*c fv^ttrv.f^. 


7. Lactic acid tolerance in acidosis 

To learn whether the concentrations of lactic 
and pyruric adds arc determined by acidosis pre- 
vailing in shock, 1-gram doses of neutralized lactic 
acid were injected intravenously into normal dogs 
before and after the production of acidosis b\' 
intravenous hydrochloric acid. In one dog (M-5.I, 
Figure 9) the lactic acid tolerance curve follov.dng 
the injection of I gram of lactate was tr.c same t>c- 
forc and 10 minutes after the injection of 25 ml. 
of a 10 ]>er cent solution of hudrochlnric acir;. 

In another dog (?\I— 52). 1 gram of lactate r.ai'C'l 
the arte.ri.al pH from 7.4 to 7.0. In th.e of 

50 minutes. 250 ml. of 0.1 M HCl v.rre tb.-r. ie- 
tccted. During tltc iniccti''r. tl.e rfc-.-rr 
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8. Pyruvic acid tolerance in normal dogs 

Following the injection of pyruvic acid (0.05 to 
0.1 gram per kgm. dog) neutralized to phenolph- 
thalcin, the return to the basal value occurred 
within 45 minutes in 13 of 17 normal dogs. The 
original level was not reached in this time in 4 
dogs. The increase following the injection of 
pjTUvatc varied from 0 to 1.0 mgm. per cent. 
Concomitant lactic acid determinations showed 
very slight rises or no effect, but drops in lactic 
acid of 5 to 10 mgm. per cent below the starting 
level were noted in nearly each case at the end 
of 45 minutes (Figure 11). In 6 of 9 dogs the 
amino acid nitrogen was also depressed 2 or more 
mgm. per cent 45 minutes after the injection of 
pyruvic acid in 6 of 9 dogs. 

9. Pyruvic acid tolerance in hemorrhagic shock 
cured by transfusion 

In 4 of 7 dogs cured of hemorrhagic shock by 
transfusion, the pyruvic acid tolerance cun'es were 
the same before and after transfusion as in the nor- 


acidosis more severe in degree than occurs m 
hemorrhagic shock did not produce so great an 
elevation of the blood' lactic acid level as is found 

in shock. j •„ 

In a third dog (M-51, Figure 10) repeated in- 
jections of 1 N hydrochloric acid caused a steady 
fall in the CO„ combining power of the blood and 
in arterial blood pH. At the same time there was 
a steady rise in blood lactic acid, while pyruvic acid 
changed very little. Though the L/P raho rose, 
it remained within normal limits. During this 
time the injection of 0.5 gmm of lactate produced 
a normal tolerance curve (superimposed on the 

steadily rising blood lactic ‘T fFru “sT 
that observed in hemorrhagic shock «>• 

The dog developed circulatory collapse and died 

when acidosis became seveie. _ 

Coiiwient: It appears that the dog m acidosis 
metabolises lactic acid as well as nonnal or 
shocked animal. The rise in the Mo“d levels of 
pyruvate and lactate (see Figures » “ 

lowing the production of a severe grade of acidosis, 
irnot of to magnitude observed in hemorrhagic 
shock The changes in these acids seen in hemor- 
Sa^ shock are not determined by to concurrent 

acidosis. 
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mal or preshock stage, although the preinjection 
levels of bloods pyruvate were higher during the 
shock state than before shock was instituted. In 
the remaining 3 dogs the last point of the tolerance 
curves during shock before and after transfusion 
were slightly higher than the preinjection level 
(Figure 11). The maximum rise in pyruvic acid 
during shock was in some instances slightly higher 
than in the normal. In some experiments cridcncc 
of lactic acid production from injected p\-nn*atc 
during shock was suggested by tlie rapid rises in 
lactic acid levels immediately after the injection 
of pyru\atc. Subsequent depressions in amino 
acid levels were obseia'ed. The usual rise in the 
ratio during shock and its return toward 
normal following transfusion was in no wav al- 


tered by pyru\ate injections. 

Coviir.cnt: Elevation of tb.c py 
shoes: is not due to inability oi 
clear the Mood of pvTv.vic .acid. 


uvic acid level in 
the organism to 


of the drop in amino acid nitrogen following pyru- 
vate injection will be discussed in a subsequent 
publication. 

10. Pyrj'.z-ic acid tolerance in tieniorrlicgic shod: 
not remediable by transfusion 

Similar results were obtained in 3 of 9 dog.s in 
hemorrhagic shock which did not respond to 
transfusion (M-9, Figure 12). In 5 dogs, a 
what poorer clearance occurred during si'.ock t;;.an 
in the normal or in tr.e jvjst-tran'fu'^ign st.cgr. 
One dog (M-21) showed very p'-or clearance 
fore and after transfusion a‘ ccn;j".rcd to 
normal. .-Mthoughi thi'; d' g receive': tv. :-r *1 - 
u-ual do'c of pyruvate. 2 otl-.er^ 1 

t':;e doulilc do-e sr.ov, td ( n.ly a fl:;:'..tl;. p ■ r^r 
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into shock for a considerable time following tlie 
injection of a double dose. Figure 12 shows that 
the rise of lactic acid during shock and the fall 
following transfusion are not altered by the injec- 
tion of pyruvic acid. Depression of the amino acid 
level was noted among these dogs as well as in the 
previous group (cf. Figure 11 with Figures 1 
and 2). 

Comment: It is concluded that non-toxic doses 
of pyruvate are cleared by the dog in shock some- 
what less well than in the normal before transfu- 
sion and about as well as normal after transfusion, 
whether reversible or irreversible to transfusion. 
These results suggest that the slightly decreased 
clearance in the pre-transfusion stages is due to 
decreased blood flow, particularly through the 
liver, rather than to any specific damage to the 
enzyme systems involved, for if damage to enzyme 
systems were responsible for defective clearance, 
one would not expect so prompt a recovery of 
clearance function following transfusion, and one 


would expect a disparity between the results in 
irreversible and reversible shock. 

DISCUSSION 

It has been demonstrated in traumatized rats 
(13) that the accumulation in the blood of lactic 
acid, inorganic phosphate, and phosphopyruvic 
acid occurs simultaneously with a progressive ex- 
haustion of energy reserv'oirs in tissues ( 14) , par- 
ticularly in liver and brain. A correlation has 
been said to exist between survival and the magni- 
tude of the original rise in the blood level of these 
intermediary metabolites as well as in the speed 
of their return to normal values (13). If the blood 
concentrations of these metabolites reflect the ex- 
tent of the biochemical lesion in the tissues, a study 
of their behavior in response to therapeutic trans- 
fusion in hemorrhagic shock in dogs might provide 
a key to the nature of the irreversible lesion and 
a( the same time demonstrate whether they are 
essential components of the lethal process or 
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merely concurrent ' phenomena of secondarj' 
importance. 

Russell et al (7) concluded that since eviscerated 
(liverless) rats do not show elevations in the L/P 
ratio comparable to those in non-eviscerated rats 
or eviscerated shocked rats', peripheral anoxia 
rather than liver failure is largely responsible for 
the increase in the L/P ratio. .Dogs in hemor- 
rhagic shock show a progressive increase in lac- 
tate and a fall in glucose in the venous as compared 
to the arterial blood, suggesting an increased con- 
version of glucose to lactate caused bj" the anoxia 
of peripheral vascular failure (15). Our experi- 
ments are consistent with these conclusions. They 
indicate further that the actual level of blood lac- 
tate achieved is controlled by a factor other than 
the mere rate of production of lactic acid. 

The rise in the L/P ratio in hemorrhagic shock 
results from the predominance of anaerobic over 
aerobic carbohydrate metabolism, especially in 
muscle (16), in the presence of peripheral circu- 
latory failure. In this situation energy is derived 
largely from glycolysis, whose end product is lactic 
acid.' This is much less efficient than aerobic oxi- 
dation since 8 to 14 times as much substrate is 
required to yield the same amount of energy (17). 

In spite of the rise in lactic and pyruvic acids 
and the increase in the L/P ratio in shock, addi- 
tional loads of these acids and of glucose are 
metabolized almost as well as in the normal state, 
regardless of the severity of the shock state or the 
response to transfusion. The return of the L/P 
ratio to normal following transfusion indicates a 
return to aerobic metabolism of carbohydrate. 
Since this is the case whether or not the transfusion 
is therapeutically effective, it appears that even a 
temporary improvement of blood flow is capable 
of restoring the normal rate of carbohydrate break- 
down but is not capable of restoring the integrity 
of the factor responsible for maintenance of nonnal 
function of the pcriphcml vascular system. It 
follows that the distortion in carbohydrate metabo- 
lism. as reflected by the blood changes studied, is 
probably not a primary factor in pcriph.eral \-as- 
cular failure. If it were otherwise, death, from 
ordinarily fatal .sh.ock would not be prevented by 
hver perfu'ion. during which tr.e distortion of 


* Wc do x\'>\ iV 

irc^ tVr Kr>M 
t >■ rhr mechiahm 
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carbohydrate metabolism is of the same kind and 
magnitude as is seen in shocked dogs not perfused 
or perfused via another route (4) . To be sure, our 
blood anal 3 'tical data may not disclose persisting 
metabolic abnormalities in certain vital tissues, 
whose function, therefore, continues to be ad- 
versel}’- affected ; for example, the brain stem may 
suffer from tlie decrease in oxygen supply (14) 
in spite of the apparently normal enzymatic be- 
havior suggested by the blood findings. But there 
is no evidence to indicate that in the circumstances 
of our experiments any organ apart from the liver 
is of critical importance with respect to the collapse 
of the peripheral vascular system in shock, since 
such organs, including the brain, respond well to 
transfusion after exposure to a degree of hypoten- 
sion and hypoxia which the liver cannot tolerate. 
Since the liver has been shown to be the critical 
organ with respect to the integrity of the periph- 
eral vascular system in shock, the damage it suf- 
fers involves at least another category than that 
of carbohydrate oxidation. 

SUMMARY 

1. Morphinized dogs bled into shock showed 
rapid elevation of blood lactic acid, pyruvic acid, 
amino acid nitrogen, and the lactic/pyruvic acid 
ratio, 

2. A rapid return toward normal of blood lactic 
and pyruvic acids and the lactic/pj-ruvic acid ratio 
followed transfusion, whether or not the transfu- 
sion was curative. 

3. The blood amino acid nitrogen remaincfl ele- 
vated following transfusion. 

4. A continuous drip of cpinephrin produced 
elevations in blood glucose, but much smaller ele- 
vations in blood lactic and pynivic acids ami in 
the lactic/pyruvic acid ratios than occur in b.cmor- 
rhagic shock. 

5. In adrcnalcctomizcd drtgs. whose tolerance l--' 
hemorrhage was poor, the blood levels of l.artic am! 
pyruvic acid and th.c lactic ])yruvic acid r.atio in.- 
creased even though, th.c l!l<-.^.d gln.cr. >' level fell. 

6. --\rterial bloe,.; Tuuler ei! k'-yt at l>v';. Tem- 
perature sh.owcd a sligh.t ir.cre.-.‘e in l.-rt'-^ n--'; 
and th.c lactic pyrv.vic acid rat--.. 

7. The di'arj.'arr.ncc ri infect'd gh:-^ - fr — 
the bl'-od v.T;'; t-'T er rd 'hrmr i -m. rr' 
sh.erck. Fcdlm.'. ;:'g trami-; .r-.-n 

b'e sh.eo:) th.i- clr.arr.n'e vr.' n r::'.',l. 
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8. The clearance of injected lactate from the 
blood during shock was normal. The restoration 
of thc-clevatcd lactic acid level to normal by trans- 
fusion is such as to mask completely the expected 
increase in level from injected lactate. 

9. Clearance of injected lactate in normal dogs 
was not altered by acidosis induced by the intra- 
venous administration of mineral acid. 

10. In normal dogs. the pyruvic acid level in the 
blood returned to normal within 45 minutes fol- 
lowing the injection of pyruvate. 

11. The elevated lactic/pyruvic acid ratio in 
shock was only temporarily altered by injected 
pyruvate. 

12. Dogs in irreversible hemorrhagic shock 
showed disappearance rates for injected pyruvate 
similar to the normal in the post-transfusion phase 
of shock but somewhat poorer in the hypotensive 
pre-transfusion phase of shock, when doses of 
pyruvic acid that were not toxic were used (under 
0.1 gram per kgm.). 

CONCLUSIONS 

It is concluded that while hemorrhagic shock 
may interfere with the functional efficiency of the 
enzyme systems involved in carbohydrate metabo- 
lism, the integrity of the enzyme systems involved 
in lactic and pyruvic acid metabolism is not seri- 
ously damaged, because they show a rapid return 
to normal function following transfusion. The 
occasionally lowered tolerance to injected glucose 
and pyruvic acid noted during the oligemic phase 
of hemorrhagic shock is due to deficient velocity 
and volume of blood flow through tissues. The 
accumulation of these metabolites in the blood re- 
sults from the combined effects of poor blood flow 
and an increased rate of production in anoxic 
tissues. 

The development of irreversibility to transfu- 
sion in hemorrhagic shock is not due to inability 
of the liver to metabolize lactic and pyruvic acids. 
Abnormalities in carbohydrate metabolism, so far 
as they are reflected in the elevations of lactic and 
pyruvic acids, are not related to the development 
of irreversibility to transfusion. 
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Recent advances in the surgical treatment of 
congenital disorders of the heart (1 to 4) have in- 
creased the importance of accurate diagnosis. 
Phj'sical and x-ray signs are not easily understood 
or interpreted, partly because there is relatively 
little systematic knowledge of the dynamics of the 
circulation in patients with congenital heart le- 
sions. In the. past it has been difficult to acquire 
such knowledge. Many of the methods of measur- 
ing cardiac output are applied with difficulty, if at 
all. in patients with congenital heart disease, and 
certain aspects of the pulmonary circulation have 
heretofore been almost immune from measurement. 

The introduction by Forssman (5) of the car- 
diac catheter and its jiractical improvement by 
Cournand and Ranges (6) have offered a new 
opportunity for the study of congenital heart dis- 
ease. By these tecliniques, pressures may be 
measured in the great veins, the right auricle and 
ventricle, and the pulmonary artery. .-Xnalysis of 
blood samirles obtained from these areas and from 
a systemic artery permits the calculation of the 
cardiac output by the Pick principle. This com- 
munication describes the methods as they have 
been aj)plied to jjatients with congenital cardiac 
defects. Subsequent i)a])crs will describe results 
obtained in controls and in ])aticnts with varimis 
congenital cardiac lesions. 
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I’.nicm*. witli ci'iipiiiitnl Iic.irl di‘c.^^■c nri- adniittctl to 
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*I he catheterirati.*n rontine a^ d,(\ehcc.-.t ('em •!c- 
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signed specifically for the investigation of congenital 
heart disease in order to assist in the diagnosis and to 
contribute additional information relative to the dis- 
ordered circulation in the presence of the congenital ab- 
normality. The following routine of measuring oxygen 
consumption, carrying out venous catheterization, and 
obtaining blood by arterial puncture in sequence instead 
of simultaneously is not the customary procedure for 
calculating cardiac output, but has been developed be- 
cause it allows multiple sampling from each chamber. 
The advantages of multiple sampling will be dealt with 
in subsequent communications (7, 8). 

At 7 :30 on the morning of the third hospital day. the 
basal metabolic rate is measured and the oxygen consump- 
tion calculated. Immediately after this procedure the pa- 
tient is transferred to the fluoroscopy room for venous 
catheterization. Although the technique of this prrvcc- 
dure has been described in detail by Cournand and his 
associates (9), certain modifications have lieen intrivluced 
to meet specific problems. The patient lies on a radiohi- 
cent mat of sponge rubber, 2 inches thick, on the fluoros- 
copy table. This aids in maintaining comfort and. hence, 
in avoiding venous spasm. Ten thousand units of ]->,nicil- 
lin are administered intramusailarly Iielorc and again af- 
ter catheterization even though there seems to little 
risk of proslucing bacterial endrxranlitis by this proculure. 
No medication other than penirillin and novi>caine v. ii.'yiul 
adrenalin is ailministered. With a'eplir precautt'.'i', a 
No. 8-F or No. 9-F radiopaque catheter.- !<"• cm l ev.', 
with the hole at the tip and with ib.e end rnr\id at :.n 
angle of alxnit 45', is u'erl. The ttchnique of riebt F-.rrt 
catIietcriz.ation as de'crilicd by (. 'purnand <•.' a! t 
Iveen followed closely. Once the fi;i h.is t-vn intr. 'd 
into the right auricle and tb.e right sentri'lo. -t di- 
rected upwanl so th.at it i' iletlscted frp— .i t' .- Fft v..d; t,; 
the right ventricle, tlir'pugh the pidm. .-..ar;. sah’-. a-'! i- t'> 
the main stern of tb'C [p'.i'm.'-n.s.ry art'r; Sm <- t' - c :’->r 
of the tip of tb.e catheter at tbi' t o t ■ t’ - t .-v-'t'- 
riglit. it u'ti.ally ]..'i"e' e.'-dj mt' t’ - rm' t ; - .-y 
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is witlulrawn tin- main stem of tlie imlmnnary artery 
aiul is rotated in sueli a fasliion as to turn tlie curved ti)» to 
the ])atient's left. It may then lie directed into the left 
pnhnonary artery. This rotation is sometimes diflicnlt 
to accomplish since the tip of the catheter is at the end 
of a horseshoe hend. 

Samples of hlood from pnhnonary “capillaries" are ob- 
tained hy introduciiif: the catheter as far ont as possible 
into a distal ramification of one of the pnhnonary arteries 
(see I'icnre 1) in such a fashion as to obstruct the vessel. 


If the catheter is properly j)laced, fully oxygenated (ar- 
terial) hloo<l may he withdrawn thronRh the lumen of the 
catheter (7, 10). 

IJlood samples are witlulrawn thrf)nRh the catheter nn- 
iler oil as described hy Conrnand cl al (9), x-ray films 
are taken, and pressures with a Hamilton manometer (11) 
are routinely recorded at each iiosition of the catheter. 
I’dood samples and pressures are obtained first from the 
pulmonary artery, next from the ripht ventricle, and 
finally from the ripht auricle and sui)erior vena cava. This 
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order of sampling is followed, in order to avoid the di- 
lemma encountered when venous spasm prevents all ma- 
nipulation of the catheter except its withdrawal. In this 
way, multiple sampling from each chamber is ensured. 
Sites of routine sampling are as follows (see Figure 1) : 

1. Pulmonary artery. 

a. As far out as possible (for pulmonary “capillary” 
blood) (7, 10). 

b. Several centimeters beyond bifurcation. 

c. Main stem. 

2. Right ventricle. 

a. Near pulmonary valve. 

b. Mid-position. 

c. Near tricuspid valve. 

3. Right auricle. 

a. Lower part 

b. Near tricuspid valve. 

c. Upper part. 

4 . Superior vena cava. 

While it is often not feasible or possible to obtain sam- 
ples from each of these positions, at least 2 and preferably 
3 samples arc withdrawn from different parts of each 
chamber in every case. 

Knowledge of the precise location of the tip of the cathe- 
ter is essential for proper interpretation of data. While 
an approximation of the location may be made by fluoro- 
scopic observation, it is frequently impossible to ascertain 
on which side of a valve the catheter tip lies. Under these 
circumstances, obset^’ation of the deflections of the Hamil- 
ton manometer before and after the sampling gives pre- 
cise information regarding the position of the tip of the 
catheter since the character of the pulse wave and the 
pressures are quite different in pulmonary artery, right 
ventricle, and right auricle (7). 

^ Following the advice of Coumand (12), we have not 
ligated the vein following removal of the catheter. In- 
stead, the skin edges have been approximated with flamed 
adhesive and a pressure dressing with an clastic bandage 
has been applied. Usually, little soreness and only local 
thrombosis of the vein ensue. After 3 days the patient 
himself may remove the bandage and, in a week, the ad- 
hesive strip. 

.\t the conclusion of venous catheterization, a sample of 
bk^ is withdrawn under oil from the femoral artery- 
using novocainc as an anesthetic. The oxygen content of 
each blood sample is determined by tlie method of Van 
Slyke and Neill (13), Since at least 10 samples are taken 
during the procedure, duplicate determinations have been 
performed only on those samples exhibiting a deviation 
from neighboring samples. 

, Clntting of samples is at times troub'.c.<-omc. c«pecially 
m polyxythcmic patients. This h.as fven consistently 
avoidable by injecting abo-at 2 ml. of a 0.03 per cent setu- 
tion of heparin through the catheter just before samr'ing. 

Oxy gen capacsly is determined rc-utinely on the arterial 
~n , at least one of the s-enms samples bv the meth.-vi of 
Van Slske so't firs rs-j: . 


of different blood samples is essentially the same. The 
capacity may vary considerably, however, especially in 
samples of blood with a high hematocrit- Hemoglobin 
concentrations are, therefore, determined photocolori- 
metrically on all samples, and those at variance are then 
corrected by determining the oxygen capacity. Variations 
in oxygen capacity may thus be detected and the corre- 
sponding contents corrected. 

DISCUSSION 

The procedure described in this report has been 
formulated with the specific purpose of studpng 
the cardiovascular dynamics in congenital heart 
disease and of applying the knowledge so obtained 
to diagnosis. 

Calculation oj blood flotu: The most accurate 
method at present available for the estimation of 
cardiac output in man is based on the principle 
outlined by Pick (14) in 1870. Some of us (15) 
applied this principle in a group of patients with 
patent ductus arteriosus in 1941. Since its appli- 
cation in patients with abnormal cardiac communi- 
cations presents special problems, it seems appro- 
priate to restate the principle and discuss its appli- 
cation in patients with this and other tj’pes of 
congenital heart disease which the catheter method 
has enabled us to investigate. 

Pick (14) derived an equation for the calcula- 
tion of cardiac output which may be restated as 
follows : 

Cardiac output (1. per min.) 

Q.xy'gcn intake (ml. per min.) 

Arteriovenous oxv-gen difference (ml. per I.) 

Similar data derived from determinations of car- 
bon dioxide can be used. Carbon dioxide data 
have been omitted, however, since the results of 
these determinations arc variable (16). In norm.a! 
individuals without shunts between cardiac chau’.- 
hers, the calculation is based on the determination 
of oxygen consumption, oxygen content of arterial 
blood, and oxygen content of mi.xed venous Mor,-;, 
Tljc first two detc.-Tninations arc c."‘ily o''.:.-;::;*-,'. 
The procurement of wcll-m.ixed vcr.o-u' 1. i- 
more difncttlt. In normal individ-.-.r.l'. f.-.m^’e- 
from the right aurir'e .and ri.-rht ve.etr;''^ may 
show consideraV.le v-arir.ti'r.. v.here.a- t"-"- t.-’- -r; 
from the proximal p.art' r; '■tti. j.'ter;. 
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In patients ^Yith congenital heart disease, as will 
be shown (8), it is frequently itnpossible to obtain 
samples of blood that arc adequately mixed if these 
samples arc taken near a shunt. Although this 
detracts from the accuracy of the c.stimation, 
nevertheless reasonable approximations of flow 
through the various chambers may be obtained. 

To estimate the blood flow through a shunt, the 
peripheral blood flow and pulmonary blond flow 
must be calculated separately. The pcrijdieral 
blood flow may be calculated in the usual fashion 
e.xcept that the sample of mixed venous blood 
must be obtained proximal to the shunt. For ex- 
ample, in cases' with patent ductus arteriosus, it 
must be obtained by multiple sampling from the 
right ventricle; in eases with ventricular septal 
defect, from the right auricle; and in cases of 
auricular defect, from the vena cava. Since true 
mixing becomes progressively poorer in this se- 
quence, errors in the application of the Fick prin- 
ciple of blood flow become greater. 

Determination of the pulmonary artery blood 
flow necessitates measurement of the oxygen con- 
tent of pulmonary arterial and of pulmonary 
venous blood. Normally, blood in the main 
branches of the pulmonary artery is completely 
mixed. In our limited experience, this is also true 
in most cases of auricular septal defect. In ven- 
tricular septal defect and in patent ductus arterio- 
sus, mixing may be less complete. In these cases, 
multiple sampling in the pulmonary artery usually 
yields a representative value from which the calcu- 
lation of pulmonary blood flow can be made. The 
oxygen content of pulmonary venous blood is 
most easily obtained in individuals with a normal 
circulation and in those with left-to-right shunts 
by determining the oxygen content of systemic 
arterial blood since these two are identical. In 
individuals with right-to-left shunts (cyanotic 
group), the oxygen content of pulmonary venous 
blood can be obtained by measuring the oxygen 
content of pulmonary “capillary” blood (7, 10). 
Failing this, a value of 95 to 98 per cent saturation 
must be assumed. This assumption is admittedly 
open to criticism, especially when pulmonary dis- 
ease with imperfect oxygen diffusion exists. 

The catheter technique does not afford informa- 
tiou relative to the collateral circulation between 
systemic arteries and the pulmonary artery such as 


sometimes occurs in patients, especially with pul- 
monary stenosis, if these collateral channels deliver 
blood to the pulmonary artery beyond the point 
where catheter samples are obtained. Bing (17) 
has utilized a combination of the catheter technique 
and respiratory rnctliods for calculating the magni- 
tude of blood flow through the collateral circula- 
tioji in these individuals. 

The volume of flow through single, one- 
dircctional shunts may most easily be estimated by 
calculating the difference between tbe pulmonary 
and peripheral flows. If the shunt is in both direc- 
tions, as not infrequently occurs, the following for- 
mulae,^ derived by Dr. S. Howard Armstrong, 
Jr., may be used: 


Let ptilmon.nr>' artery inflow = a ml. per min. (De- 
termined by Fick equation from pulmonary artery and left 
auricle oxygen saturations and oxygen consumption). 

Let o.xygen saturation vena cava inflow = 6 per cent. 

Let oxygen saturation pulmonary vein outflow = c per cent. 
Let o.xygen saturation pulmonary arter>’ inflow = d per cent. 
Now pulmonary arter>' inflow has 2 components: 

(1) from vena cava, x ml. per min., 

(2) from shunt, left-to-right, y ml. per min. 

Therefore 

.V -f y = a, (1) 


bx 4- cy 
X -f y 

Solving for y, from (2) 

{b ~ d)x + (c 


= d. 


( 2 ) 


and from (1) 

y = - 


1 


d)y = 0 


[b-d) 


id -c) 
{b-d) 


{b~d) _ 
{b - c) 


~ ® uiin. 


(3) 


Now if this is the amount of pulmonary vein blood 
shunting from left to right and out the pulmonary arter>', 
the remainder must go out the aorta. The other compo- 
nent of aortic flow will shunt from right to left and have 
the same saturation as right auricular blood, and must 
equal in amount the return from the vena cava less that 
which has gone through the pulmonary arter}^ The total 
caval return and aortic outflow will be assumed to be equal 
during measurements. Therefore, for total aortic output, 
« (in ml. per min.), the 2 components are:_ 

(1) from shunt right to left, v ml. per min., 

(2) from the pulmonary veins, 



Therefore, u = v + e. (4) 

Now let / per cent be the oxygen saturation of the periph- 
eral arterial blood. Then 


Solving (4) for v, 


bv -}- ce 
V e - 


if - b)v = (c — f)c 


(5) 


V 


(c -/) 


(/-i>) • 


. ( 6 ) 
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Where z/ = right-to-left shunt (I. per min.), 
3' = left-to-right shunt (1. per min.) , a = pulmo- 
nary blood flow (1. per min.), b = oxygen content 
(ml. per 1.) of mixed venous blood proximal to 
the shunt (venae cavae, right auricle, or right ven- 
tricle), c = oxygen content (ml. per 1.) of pulmo- 
nary venous blood, d = oxygen content (ml. per 
1.) of pulmonarj’ arterial blood, and j = oxygen 
content (ml. per 1.) of systemic arterial blood, then 



a 


(b - 

ib - c) 


V = a 


(c - f){d - c) 
(J - b){b - c) ■ 


When 2 shunts in the same direction are present 
in the same heart {e.g., auricular and ventricular 
septal defect with left-to-right shunts), calculation 
of the approximate sum total of the shunts is pos- 
sible, whereas it is not feasible to attempt much 
more than a guess at the amount of each shunt due 
to the impossibility of obtaining mixing between 
the chambers. 

All of these difficulties indicate that the Fick 
principle, when applied to congenital heart disease, 
gives an estimation of blood flow which is at best 
an approximation. It is useful to make the calcu- 
lation, but the assumptions on which such calcula- 
tions are based must be clearly borne in mind. 

Blood pressures: Mean pressures are easily re- 
corded through the venous catheter by means of a 
simple saline manometer of the venous pressure 
type. Considerably more information may be ob- 
tained with the optical manometer of Hamilton 
(11). We have experienced difficulty in obtaining 
suitable pulse wave tracings from the pulmonary 
artery and from random positions in the right ven- 
tricle. With care, good right ventricular pulse 
wave tracings can be obtained. Artefacts arc often 


Thus 


1 -f 


Lf-b)} 


(d - c)(c - b) 

“ ° (6 - c)(/ - by 


an c.xpression completely defined in terms of our original 
quantities measured. 

Simplifying: algebraically: 

Left-to-ripht shunt = c ^ 

\.b - c) 

Note that if (6 — d) ^ 0, i.f., mixed vcno-,i<- and 
pulmonary artery blood have same '.aturation, th:* 
means ner.li;iblc Ieft-;o-ri,cht shunt. 


Kisht-ti>!c!t shunt “ c ^ Vy 

Note that if (c — /) •• 0, fj’.. left au:f;!e and artery 
I'lo.xl haw s,ame latur.ition, thi' rr.-.ans r-rbrilVe 
rieht-to-'.rft »hunt. 


set up, apparent!}' by the motion of the catheter 
within the heart. The natural frequency of the 
membrane falls from about 170 vibrations per sec- 
ond when recorded through a needle and lead tub- 
ing to about 30 vibrations per second when re- 
corded through the catheter and lead tubing. The 
systolic and diastolic pressures seem to be accurate 
in that systolic and diastolic pressures in the right 
ventricle of dogs have been identical when recorded 
through tlie catheter and through a No. IS needle 
inserted through the chest wall directly into tlic 
right ventricle. 

The peak of the pressure cuiwe in both pulmo- 
nary arteiy and right ventricle is taken as the 
systolic pressure, and the level just before the sys- 
tolic rise is taken as the diastolic pressure. The 
right auricular pressure is recorded as mean 
pressure. 

The location of the proper level of zero pres- 
sure is still controversial since it is different for 
right auricle, right ventricle, and pulmonary ar- 
tery. It likewise varies with systole and diastole. 
Until a standard reference level has been agreed 
upon, we have chosen to use the level described by 
one of us (18), which is 10 cm. anterior to the skin 
of the back with the subject in the supine position. 
In addition, the anteroposterior diameter of the 
chest between the sixth thoracic spine and the 
sternum at the level of the second rib has been 
recorded with an obstetrical pelvimeter. The pres- 
sures, therefore, may be easily recalculated it it is 
desired to use other zero points. 

It has been customary to obtain pressure tr.ac- 
ings in the pulmonary artery, right ventricle, and 
right auricle. .A continuous j)re-surc tracing i'- 
usually obtained as the cath.ctcr is slov.ly with- 
drawn from pulmonary artery tn rigr.t ventrir!*- 
and from right ventricle to righ.t auricle. In ti.’' 
v.Mv comparable pressures are recorded. If !'’.•■ 
double-lumen cath.ctcr of Co’.:rnr.:'.d. ftlr' tnf.eld. 


.and Lauson (19) usc'l. jue^-urcs in.ay !<• < h- 
tainc<l from 2 chambers .'iniultav.ewv. !y. 

CctupUcc!:! r.s < f rvea::.' ru.n’.i'.’.'rlr ■ I'; 
''crioij? cnthc!cri^iti^‘?4 !*■ r 
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in fairly ill patients l-.r.r 
('20. 21. 22). and cur 
T'.vo sources <t rn.ild 


■ c- r : rr" ■ 


•c rve-t e.rr 




1 r.c 



552 


L. DEXTKR, F. llAYNFS, C. HURWELL, K. EPPINGER, R. SEIREL, AND J. EVANS 


ciicc lias been almost uniformly associated with 
bodily discomfort but has not derived from appre- 
hension. Every effort is made to prevent dis- 
comfort. The site of the incision is injected with 
novocaine about every 10 minutes, the fluoroscopc 
table is covered with a 2-inch sponge rubber mat, 
pillows arc used judiciously for support of the 
head and shoulders, and the whole procedure is 
dispatched as quickly as possible (usually about 45 
minutes). When venous spasm occurs, it has 
rarely been possible to relieve it except b}' remov- 
ing the catheter from the vein for several minutes. 

Ventricular extrasystoles may at times be a 
source of discomfort to the patient (9). In 27 of 
42 patients, irregularity of the heart was shown 
to occur during venous catheterization. This was 
demonstrated by electrocardiogram, by pulse trac- 
ing, or by palpation. Only 14 of the 27 patients 
had S)'mptoms referable to this irregularity, and in 
only 1 were the symptoms of sufficient severity to 
interrupt the procedure. Five of 12 patients who 
had electrocardiograms recorded at frequent in- 
tervals developed premature ventricular beats. 
The ventricular extrasystoles are produced espe- 
cially when the catheter touches the wall adjacent 
to the tricuspid valve. They usually disappear 
when the tip of the catheter is in the ventricle, but 
at times the irregularity persists, apparently due to 
movement of the catheter with each heartbeat with 
consequent stimulation of the region of the tri- 
cuspid valve. Two patients developed transient 
auricular fibrillation which subsided spontane- 
ously in the course of half an hour. 

In obtaining pulmonary “capillary” blood, the 
catheter is introduced into the distal portion of a 
branch of the pulmonary artery so as to obstruct 
the vessel. It remains in this position for only a 
few minutes. In no case has there been any 
change in pulse and respiratory rates and no pa- 
tient has had untoward symptoms. In dogs a 
main lobar branch of the pulmonary artery must 
be obstructed for approximately 1 hour before 
x-ray and pathological evidence of congestion or 
infarction appears (23). The vessels occluded by 
a No. 9-F catheter are roughly 3 mm. in diameter. 
Since there is a slow drip of physiological saline 
through the catheter, it seems doubtful whether 
infarction would occur for many hours. 

Auscultation and phonocardiography have re- 


vealed no demonstrable changes in the heart 
sounds or production of murmurs as the catheter 
passes through cither the tricuspid or pulmonary 
valve. In one patient with pronounced pulmonary 
stenosis, a catheter about 3 mm, in diameter was 
introduced past the valve into the pulmonary ar- 
tery witbout symptoms. Following a subsequent 
operation the patient expired, and at autopsy the 
pulmonary valve orifice was found to measure only 
5 mm. in diameter. Cournand, Bloomfield, and 
Lauson (19) recorded pressure tracings simul- 
taneously in right auricle and right ventricle and 
concluded that there was no indication of tricuspid 
insufficiency as a result of inserting the catheter 
through the tricuspid valve. It seems doubtful, 
therefore, that venous catheterization produces a 
functional stenosis or insufficiency of the tricuspid 
or pulmonaiy' valve under a rather wide range of 
pathological conditions. 

Pathological examination of the endothelium, 
valve leaflets, chordae tendinae, and papillar)' mus- 
cles in dogs purposely exposed to traumatic venous 
catheterization of the right auricle, right ventricle, 
and pulmonary artery has revealed no recognizable 
pathological lesions resulting from .this procedure 
(24). No eridence of pulmonary embolism from 
clot formation around the catheter was obseiv^ed. 
Post-mortem examinations have been performed on 
10 of our patients on whom venous catheterization 
had previously been performed. In no case was 
death directly or indirectly attributable to the 
procedure. In no instance were there any demon- 
strable lesions of the veins, heart, pulmonary ar- 
tery, or lung attributable to the passage of the 
catheter. 

SUMMARY 

1. The venous catheter technique of Cournand 
and Ranges (6) has been applied to the diagnosis 
and study of the hemodynamics of congenital 
heart disease, 

2. Oxygen consumption is measured, and pres- 
sures and blood samples (for the oxygen content) 
are obtained from various parts of the pulmonary 
artery, right ventricle, right auricle, and from the 
vena cava and the femoral artery. 

3. Details of the procedure are described, and 
the Fick principle for the calculation of blood 
flow in patients with congenital heart disease is 
discussed. 
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The venous catlicter of Coumancl and Ranges 
(1) permits the measurement of pressure and oxy- 
<ren content of blood in the pulmonary artery, right 
ventricle, and right auricle of patients with con- 
genital heart disease. To interpret the data so 
obtained, it is necessary to be cognizant of the 
variations in these measurements that occur m 
patients without congenital cardiac defects. The 
present report deals with the findings m a group 
of control patients. 

methods and material 

The procedure, / irvStp.iru 

r^rhl^SS';:"'hee„ le,eri,.cd in deinii 

. nriic oxvccn content of blood 

in a previous paper (2). lae oxjgui 

was Ltermined by the method of Van Sl>kc and Nc 

m a„Trre„ures were recorded by the optieol munotn. 

eter of Huntilton (4). As noted previously, ^the^zeropomt 


left shunts have been included (see Table IV). Two of 
these patients had auricular septal defects (confirmed by 
autopsy in one ease), and the third had the tetralogy ‘of 

By consulting Tables I, II, and III, it will be noted that 
the majority of patients were not normal. They were 
chosen on 2 bases : that they bad no defect winch would 
interfere with the interpretation of the results and that 
they did have a number of abnormalities, such as cardiac 
failure, anemia, and pulmonary disease, which arc some- 
times associated with congenital heart lesions. It is be- 
lieved, therefore, that the values obtained m these patients 
serve as useful controls for the values observed m patients 
with congenital cardiac defects. 

OBSERVATIONS AND INTERPRETATIONS 

PressHves: Figure 1 illustrates pressure tracings 
from the pulmonary artery, right ventricle, _ and 
right auricle in a normal individual. Gross differ- 
ences in the pulse wave forms in the different 


eter of Hamilton (4). As -f^^.P^^J'^X’iortrthe skin chambers are apparent. _ 

for all in the ’supine position (5). The recording of pressures m^ patients with 

f ?diS diameter of the chest be- ,,„genital heart disease is of particular value n 

tweet the sixth thoracic vertebra and the angle of Louis detection of pulmonary stenosis (6). The 

has been recorded for the benefit of those wishing to use pressures in the pulmonary artery and 

another point of reference. congenital heart right ventricle were identical Within the limit of 

In 13 patients pressures in vari- respiratory variations in each of the patients m 

disease, the oxyge ventricle, and j. This is m contrast to the findings m 

"vhtTuricle imve been studied (see Table I). pulmonary stenosis where the pulse pressure m 

' Hfteen patients with a variety of dlfO'-ders pulmonary artery tends to be narrow and the 

clinical or laboratory evidence of systolic pressure in the right ventricle is clearly 

as noted in Table II, were s u auricle higher than that in the pulmonary artery ^6). 

paring the ™en conten^^^f Relieved that the systolic and diastolic pres- 

third gmup of 16 patients with a variety of abnor- recorded through the catheter with the Ham- 

In a third group oi^ ^ ^ , TTTI. the oxygen — 


In a third group oi . oxygen 

-'"'T tb.:“Sa&‘:re 


T^i^^Zl^vestigation was aided in part by a grant from py 

the John and Mary “of ^ Nevertheless, differences 

P^Joctor Fund of the Harvard Medical School. 


ilton manometer are accurate (2). The finer 
structure of the pulse tvaves, especially in the pul- 
monary artery, is so subject to artefacts that it has 
not been used by us for analytical purposes. 
- - jj.j gross configura- 
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Fig. 1. Pressure Tracings in Pulmonary Artery, Right V'entricle, and Right 
Auricle of a Normal Patient 

The systolic pressures in tlie pulmonary artery and right Yentricle are almost identical, the 
differences observed being attributable to respiratory fluctuations. Artefacts in tlie tracings 
arc probably due to the motion of tlie catheter within the heart and pulmonary artery. 


tion of tliese waves are of the utmost value in 
identifying the chamber in which the tip of the 
catheter is located, especially when it lies close to 
either the pulmonary or the tricuspid valve. This 
can easily he accomplished at the time of catheteri- 
zation by noting the deflection of the light beam 
as the catheter is withdrawn from one chamber to 
another. 

Farialioiis of oxygen content betzveen different 
clianibcrs: In congenital heart disease, left-to-right 
.shunts introduce arterial blood into the right auri- 
cle, right ventricle, or pulmonary artery, thereby 
increasing the o.xygen content of blood within the 
chamber. Recognition of a significant increase of 
oxygen in the blood of a given chamber requires 
a knowledge of the variations that may occur nor- 
mally. In our control patients (T.ables I and II), 
the greatest increase in the o.xygen content of 
blood in the right auricle over that prc.scnt in the 
suiierior vena cava was 1.9 volumes per cent (Ta- 
ble II, jiatieiit 9). The greatest increa>e in the 
oxygen content of blood in the right ventricle over 
that ]>resent in any ]iart of the right auricle wa> 
0.** volume jK‘r cent (Table I, jiatients 5 and 12). 
The greatest increa'-e in the oxygen content of 
blood in the pulmonary arterv over tliat pre.-ent in 
an\ |virt of tl’.e right ventricle wa*. 0.5 vohune jver 
cent (Table 1, jiatient -'i. Tljcse value.- are at 
tlie moment con-idered a- maximal norma! vari- 
ation- with the tentative po-tn!ation th.at a wider 
d.ivepgcnce i- mdneative of a slmnt of arterial !•' • •! 
mto the gi\en cliam’-vr. With, .a larger -eric- >f 


control patients, it is possible that variations en- 
countered between the various chambers would 
be greater. 

It is obvious that left-to-right shunts of small 
size may be easily overlooked unless the operator 
can place the tip of the catheter in the stream of 
arterial blood flowing through the abnormal com- 
munication rather than in areas where the arterial 
stream has become mixed with the surrounding 
venous blood. This requires knowledge of the 
probable location of such a shunt as regard^ not 
only the chamber involved but also the location 
of the defect within that chamber. Careful evalu- 
ation of the jiatient by other diagno'-tic methods 
is. therefore, essential before jicrforining venou- 
cathetcrization. 

.Attempts were made to obtain rejire-entativc 
.-anijiles of blood from the inferior vena ca-.-a by 
withdrawing the catheter from the region of tlie 
renal vein to a point a few centim-ter- ledow i!;e 
ili.aphr.agmatic shadow and witlidrav. ing bb-*'! 
.samples without further manipnlaiion f.f tii'- 
c.atheter. The oxygen conunt of M"od from th'- 
inferior vena cava w:.- uniform!;, high' r t!::;:; ;!.- 
maximal value ob:aine>’ fr'Cn !!;'■ rig',; 

Tin- ina;.- well lirAe leen ih.i- i'.i. ; 1 <; 

b’oo,d Coming jiredomir,:'.:!;';. ti ■- r'-” .1 

wh.ich Cov.t.ain- a liigli c. of '7 o Ir 




TABLE 1 

Oxygen content of blood and pressures in pulmonary artery, right ventricle, and right auricle of control group of patients 
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Upper readings obtained withdrawing catheter from pulmonary artery to right ventricle; lower, from right ventricle to right auricle. 
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TABLE II 


Variations oj oxygen content of blood withdrawn from each vena cava and the right auricle 


■ 

■H 




Oij-gen content 



Difference between 










highest %’alue in 
right auricle and 










Patient 





Rignt aunde 



that in the*^ 


Diagnosis 

Superior 





Inferior 













■ 


cava 

Upper 

Near 

tricuspid 

Right 

middle 

^ LoT^er 
' portion 

cava 

Superior 

: Inferior 






vaive 

portion 

i 

vena ca\*a 

1 vena cava 




rol. 

per cent 


Tol, per cent 


rol. 

per cent 



. 1 

G. F. 

Normal 

14.8 

JSJ* 


15.2 



-0.5 


2 

S. I. 

Patent ductus arteriosus 

; 9.8 

10.0 


10.4 

i 


-0.6 


3 

R. D. 

Rheumatic fever. 

‘ 10.3 


11.5 

11.4 


\ 

-1.2 

I 

1 


convalescent 









4 

H. G. 

Tetralogj' of Fallot 

17.6 

18.6 

7.2 

18.5 



-1.0 

+2.0 

5 

J. D. 

Normal 

15.7 

16.0 

10.5 



18.0 

-0.3 

6 

J.H. 

Aortic insuffidency, 

12.8 1 

12.1 

12.6 




+0.2 



ventricular septal defect 








+ 1.5 
+0.9 

7 

H. R. 

Duodenal ulcer 

13.1 

13.4 

13.6 



15.1 

—0.5 

8 

L. S. 

Bronchial asthma 

14.3 

15.1 

14.1 

1 

15.6 

16.5 

-1.3 

9 

M.T. 

Lues, treated 

9.5 

10.9 

11.4 


11.0 

12.9 

-1.9 

+ 1.5 

to 

S. 0. 

Cystitis: pneumonia, 

8.7 

9.3 . 

10.0 


10.1 

10.3 

-1.4 

+0.2 



convalescent 









11 

G. B. 

Rheumatic heart disease 

10.2 

10.1 


10.4 

10.4 


-0.2 


12 

J. M. 

Uncomplicated pulmonarj* 

14.4 

14.3 

15.2 


15.2 


-0.8 




stenosis 









13 

M. R. 

Chorea, mitral stenosis. 

14.3 

15.2 


15.4 



-1.1 




aortic insuffidenev 









14 

G.J. 

Peptic ulcer 

10.6 

10.9 

11.1 


11.5 

12.1 

-0.6 

1 +0.6 

15 

H. G. 

Spontaneous pneumothorax 

16.4 

17.0 


16.4 


17.4 

-0.6 

1 +0.4 


* Figures in italics represent the highest right auricular ■values. 

*• (+) denotes a higher value in the right auricle than in the vena cava; (— ) denotes a lower value. 


Variation of oxygen content within each cham- 
ber: The maximal variation of oxygen content of 
blood samples obtained from different parts of 
the right auricle was 11.4 volumes per cent (Table 
II, patient 4), and 5.5 volumes per cent (Table II, 
patient 5). In each instance, one sample was 
highly unoxygenated. The maximal ^•ariation 
within the right ventricle was 0.8 volume per cent 
(Table I, patient 2). Greater variations than 
these have been obsen-ed in the right ventride of 
patients not included in Table I. In 2 patients, 
variations of 4.5 and 8.4 volumes per cent have 
been recorded, one of the samples in each case 
being highly unsaturated. The maximal variation 
l)Ctween tlic trunk and one of the main branches 
of the pnlmonaiy- artery was only 0.4 volume per 
cent (T.ablc I. patient 6) and 0.3 volume ]h.t cent 
(Table I, patient 2). 

The accuracy of the dirext Pick method for tb.e 
(letcmiination of cardiac output imder a give:*, set 
of cenditiof.s depends on tlte r.ccurr.cv witb. -Alurb 
the oxygen cousttntption .-.;td tb.e ow-tu. c-r.ten.t 


of arterial and mi.xed venous bloods are deter- 
mined. This problem has been discussed critically 
by Couniand (8), who pointed out that whereas the 
first two factors arc determinable with reasonable 
accuracy, the third (mi.xed venous blood) may 
occasionally be difficult to obtain from the right 
auricle. Holt and Knoefel (9) reported that true 
mixing did not occur in tiie right auricle of d' 

In man, however, Coumand and hi.s a^.-ociates fP. 
10, II) concluded that, if tlie tip of t!;e cat.ucter i^ 
located with care in the right auricle cV.cc to the 
tricuspid valve, mixed venous blix-'l is usu."dly r.h- 
tainable. They sh.awcd. howeve.', t.':a; c.r;: t-, .u.’j 
the catheter in this jva^ition in tb.e r:g!.t .aurrb', 
the samples witb.drawn. were r tmx p- rly 
mixed, as in our cace 13 of T.ab'- I u; cr. ( ■ 
and 5 c: Table II. Warren. 8te:.d. : ml Kr: r* ■ 
( 12 ) found a m,axinu.uu v.ar;;.ti' u ' ' < r • ■ 

tent in the aurirle r i 2 3 v. lun -- t--: c-r!. ’ u 
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venous blood in individual cases, although if 
groups of cases were treated statistically, good 
mixing could be considered to have taken place. 

Our data confirm the findings of Cournand and 
his associates and of Warren, Stead, and Brannon 
in indicating that although adequate mixing usu- 
all}' occurs in the right auricle and right ventricle, 
unreliable values may at times be obtained. The 
abnormal values arc almost uniformly attributable 
to low oxj'gen content of one sample, presumably 
due to the entrance of coronary venous blood with 
its low oxj-gen cofitent (13) into the right ven- 
tricle by way of Tbebesian vessels and into the 
right auricle by way of the coronary sinus. It is 
possible that hepatic venous blood which is low 
in oxygen (14) ma}' be responsible for the low 
values in some of the samples obtained from' the 
right auricle. 

In contrast to the occasional discrepancies in 
the oxygen content of blood obtained from right 
auricle and right ventricle, there was remarkable 
uniformity in the r'alues obtained from the pulmo- 
nar}' artery. The maximal variations obser\'cd 
hardly exceeded the error of the method of deter- 
mining oxygen content. It is believed, therefore, 
that true mixing of venous blood occurs uniformly 


in the pvhnonary artery in man, and that the use 
of the pulmonary artery as a source of mixed 
venous blood in determining cardiac outputs by 
the direct Pick principle will overcome one of the 
major sources of error of this technique. 

Pulmonary ’‘copiUary” blood: The oxygen con- 
tent and saturation of blood obtained through the 
catheter, when it is introduced into a distal branch 
of the pulmonary artery so as to occlude it, are 
shown in Table III. It will be observ'ed that in 
all cases there was close agreement between the 
o.xygen saturation of this blood and that taken 
from the femoral artery. In no case did the oxy- 
gen saturation of blood from the pulmonary “capil- 
laries” exceed that from the femoral artery by 
more than 2 per cent. Samples taken from other 
locations in the pulmonary arter}- uniformly had 
lower oxygen saturations. This was also true in 
the 3 patients with patent ductus arteriosus. 

The arterial blood withdrawn when the pulmo- 
nary artery is obstructed by the catheter might be 
derived from anastomoses witli bronchial arteries 
or from the pulmonary capillary^ and venous bed. 
The existence of bronchial artery anastomoses 
proximal to the pulmonary capillaries under nor- 
mal conditions is doubtful (15, 16), although un- 


TABLE in 

Oxygen content, capacity, and saturation of blood from femoral artery, pulmonary "capillaries," and 

pulmonary artery in patients loitkout cyanosis 


Patient 


Diagnosis 

1 

j Femoral artery 

Pulmonary' "capillaries” 

Pulmonary artery 
(highest value) 

Initials 





pum 







! 

o.xygen 

content 

O.xygen 

capac- 

ity 

o.xygen 
satura- 
tion j 

Oxygen 

content 


O.xygen 

satura- 

tion 

Oxygen 

content 

Oxygen 

capac- 

ity 

Oxygen 

satura- 

tion 


i 

1 


vot. 

t>er ccnl 

voJ. 

per Cent 

per cen( 

rol. 

per cent 

»oI. 

per Cent 

per cen! 

vat. 

per cent 

rot. 

per cent 

Per cent 

1 

F. D. ; 

Convalescent beriberi 

17.2 

18.2 

94 

16.9 

(18.2)* 

93 

13.4 

(18.2) 

74 

2 

A.L. 

Patent ductus arteriosus 

16.2 

16.8 ! 

97 

16.5 j 

(16.8) 

98 , 

15,5 , 

(16.8), 

92 

3 ’ 

E. R. 

Pulmonary stenosis 

18.4 

18.5 1 

100 

17.5 

17.7 

99 

15.2 

(17.7) 

86 

4 

J. H. 

Ventricular septal defect 

17.7 

17.7 ' 

100 

17.6 

17.7 

100 

16.0 

(17.7) 

91 

5 

I. r. 

Ventricular septal defect 

14.5 

14.7 ! 

99 

14.2 

14.7 i 

97 

11.7 

(14.7) 

80 

6 

T. B. 

Patent ductus arteriosus 

17.2 

18.2 

94 

17.3 

18.0 

96 

15.3 

(18.1) 

85 

7 

R. A. 

Thyrotoxicosis, treated ; 




18.6 

19.3 

96 

15.5 

(19.3) 

80 

■8 

M. C. 

Epididymitis ' 




18.4 

18.9 

97 

i 14.8 

i (18.9) 

78 

9 

S. I. 

Patent ductus arteriosus i 




15.6 

16.1 

97 

1 13.7 

! 16.1 

85 

10 

R. D. 

Acute rheumatic fever 




15.8 

15.5 

100 

! 11.5 

! 15.5 

75 

11 

C. C. 

Cardiac failure, ? cause 

16.6 

16.7 

100 

i 16.2 

16.7 

98 

10.7 

16.7 

64 

12 

G. F. 

Normal , 

18.4 

18.5 

99 

18.2 

18,5 

98 

15.6 

18.5 

84 

13 

B. P. 

Normal 

19.0 

19.6 

97 

14.7 

14.9 

99 

14.6 

19.6 

75 

14 

R.J. 

Auricular and ventricular septal 

18.2 

18.6 

98 

18.0 

( 18.1 

99 

17.2 

18.6 

92 

defects 









77 

15 

J.D. 

? congenital dilatation of pulmo- 

21.3 

1 22.4 

95 

20.9 

21.7 

1 97 

17.3 

22.4 

1<5 

I.G. 

nary artery 

Patent ductus arteriosus 

16.7 

: 17.3 

j 

97 

j 

14.6 

15.1 

1 

97 

15,1 

16.4 

93 


* Parentheses indicate that neither the oxygen capacity nor the hemoglobin was determined on the individual sample. 
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TABLE IV 


Oxygen content, capacity, and saturation of blood from femoral artery, pulmonary "capillaries," and 
pulmonary artery in patients svith right-lo-left shunts 





Femoral artery 

Pulmonarj* 

“capillaries’* 

! 

PuImonai>' arter 3 * 
(highest \'alue) 


Patient 

no. 

Ini- 

tials 

Diagnosis 

0x3’- 
1 gen 

1 con- 
i tent 

Oxy- 

gen 

1 capac- 
ity 

Oxy- : 
1 gen 

satu- 
[ ration 

0x3'- 

gen 

con- 

tent 

0X3'- 

gen 

capac- 

ity 

0x3'- 1 
gen 
satu- 
ration 

0 x 3 '- 

gen 

con- 

tent 

0x>*- 
gen ! 
capac- ' 
ity 

Oxy- 

gen 

satu- 

ration 

He'S- 

diagno?ed 




Tol. 

per 

Cent 

' ToU 
per 
cent 

i 

Per 

cent 

roi. 

Per 

cent 

rof. 

Per 

cent 

1 

per 

cent 

rof. 

per 

cent 

rol. 

per 

cer.t 

1 

1 

cent 

j 

i 

1 

1 

J.S. 

! 

Auricular septal defect, 
chronic nephritis, hyper- 
tension, anemia 

Auricular septal defect, 
secondary polycythemia 

8.1 

8.7 

94 

8.7 

(8.8)' 

99 

7.5 

(8.8) 

1 86 

-Autopsy 

2 

A. C. 

25.0 

32.5 

76 

18.5 

20.5 

90 

15.8 

25.6 

62 

1 

Venous 

catheteri- 

zation 

3 

E.E. 

Ventricular septal defect, 
and pulmonary stenosis 

21.1 

24.2 

1 

87 

1 

22.7 

1 

24.2 

94 

1 

1 

17.8 

24.2 

74 

, Venous 
j catheteri- 
zation 


* Parentheses indicate that neither the oxygen capacity nor the hemoglobin was determined on the individual sample. 


der certain circumstances anastomoses bettveen 
large bronchial arteries and pulmonarj- arteries 
may be striking (17). The finding of a signifi- 
cantly higher o.xygen saturation of blood witli- 
drawn from the distal part of the pulmonarj- ar- 
terj' than in that from the femoral arterjf in 3 pa- 
tients with cyanosis from a right-to-left shunt 
(Table IV) indicates that the blood so obtained 
does not derive from direct anastomoses with the 
systemic arterial circulation. It seems justifiable 
to conclude that it is aspirated mainly from the 
pulmonary capillarj- and venous bed. A small 
pre-capillary source cannot be excluded by these 
data. 

The finding of an oxygen saturation of 95 to 
100 per cent in the pulmonary “capillarj-” blood 
excludes the existence of pulmonary disease with 
oxygen diffusion difficulties. The finding of a 
diminished oxygen saturation, however, docs not 
indicate the presence of pulmonary disease since 
there may well have been only partial obstruction 
of the pulmonary arterial branch with some admix- 
ture of venous blood from the pulmonary artery. 
If. in cyanotic patients, values tor oxygen satura- 
tion in femoral artery and pulmonary “capillaries” 
arc found to be identical and reduced, it is pre- 
sumptive evidence that th.e oxygen unsaturation is 
on the basis of disordered pulmonary function. 

Diminution of th.c oxygen capccity of some of 
th.e samples obtained from tb.c r-nlm'-nar'.- “caril- 
laries ' (see Table II) rn.av wt't ’.>e relr.rrd to the 


decreased hematocrit of capillary blood which has 
been found in samples taken elsewhere in the body 
(18). Studies of the cause of the variations ob- 
served are in progress. 

SUMMARY 

1. Venous catheterization of the venae cavac, 
right auricle, right ventricle, and pulmonary ar- 
tery has been performed in control patients v,-ith 
various diseases but without congenital defects 
affecting the factors studied. 

2. Pressures and multiple samples of blood for 
oxygen analysis have been obtained from each 
chamber. 

3. The greatest increase in oxygen from the 
superior vena cava to the right auricle was 1.9 
volumes per cent; from the right auricle to tlic 
right ventricle. 0.9 volume per cent; .and from th.e 
right ventricle to tlic pulmonary artc,-y, 0.5 vohnne 
per cent. 

4. The systolic pressure in tr.c jiulnm-nar.- ar- 
tery was almost identical with th.at in the right 
ventricle over a wide range o: pressure^. 

5. Arterial blo'^d may be ol tained fr'-m, the 
distal brandies of tlie j:ulm. 'I'.r.rv r.rterv 1 v <*.'.>• 
.'■tructing tlie r.rte.w v.ith the cath.eter and 
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6. The oxygen content of bloods obtained from 
several sites within the right auricle and right 
ventricle showed at times considerable variation, 
while those from the pulmonary artery were re- 
markably uniform. It is concluded that juixed 
venous blood for the determination of cardiac out- 
put may he obtained consistently from the pulmo- 
nary artery but not uniformly from the right 
auricle and right ventricle. 
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Previous communications have outlined the 
technique of cardiac catheterization as applied to 
the stud}' of congenital heart disease and defined 
the variations in pressures and o.xygen content 
observed in a group of control patients (1, 2). 
This paper sets forth the results of study in 6 
patients with 4 varieties of congenital heart disease 
as e.xamples of the type of information which can 
he acquired hy the catheter technique in such 
patients. 

OKSKRVATIONS 
Patcut ductus arteriosus 

Patent ductus arteriosus is a persistence after 
birth of the vascular anastoino.sis between the 
pulmonary artery and the aorta. While in the 
fetus blood flows from the pulmonary arten.' to 
the aorta, the flow is from the aorta to the pulmo- 
nary artery after birth, as Eppingcr, Burwell. and 
Gross (.1) have demonstrated. 

( 1. 1. G. was a 20-ycar-ol(i woman. In early in- 

fancy flic was found to liavc a bean munnur. Sbe dc- 
veIopc<i normally Inn was subject to palpitation, dyspnea, 
and fatipue on exertion. On physical e.xamination. she 
uas a wclI-<lcvc!oped woman without cyanosis or club- 
bint:. .'\rterial blood pressure uas 12.S/0.S mm. lit:. The 
heart was cnlarped to the left. There won a machinery 
murmur in the pulmonic reRion, The first sound at the 
apex and the second ■•ound at the pulmonic area were .ac- 
cenluatol. The hmes were rle.ar. the liver was not cn- 
lareol, and no edema was apiiarent. X-ray o! the h.eart 
O'iyure 11 showol it to Iv alv,ut 20 j^r cent cnlarcnl 
with prominence in the region oi the je.dmonary artery 
-Old with hilar cneoreement. .\n cleciris-ard*oeram wa- 
lioim.il. 

1 ci:,}:is cathctrrieatuiu wa-- ^>crfnrmvd. r.t’.ii Tn- 
h'c I Ttvords the pre.-.^nre-. a.nd, i>\\ocn e'ov.tcm- of 

■ rin- inve-tica-:..-, 0 ..^ ,,, ..... i,^ - 

S'-' .b'n .-.n'. Mats K MatVe A, a-! - 

• rim! tS Haraa-,: .• v-’’ - ’ 


blood samples obtained from the various points 
shown in Figure 1. It will he noted that the oxy- 
gen content of blood in the pulmonary artery was 
2.2 volumes per cent higher than of that from the 
right ventricle. This is taken as indicating the 
entrance of arterial blood into the pulmonary ar- 
tery. Arterial shunts, other than patent ductus 
arteriosus, are exceedingly rare in this region. 
The systolic pressures in the ]mlmonary artery and 
right ventricle were elevated. Tiic shunt was 
calculated to he 7.6 1. per min. 

.A few days later. Dr. Robert E. Gross ligated 
and divided a patent ductus arteriosus. Two 
weeks later, venous catheterization was rci)eated. 
at wiiich time the patient was weak and moder- 
ately anemic (hemoglobin 9.9 grams). Results 

T.\m.t; I 

/. G* Af:ir 26. Paift:! ductus anrrioiu^ 

Left ptilnionin artrr\ fntMr ijifiirrati'H 
puImonnr\ arUT\ < nixir i>iftirr.nif ► 

Kiuht vt'ntrirU* fniMr 

vvntricK* UHi'l-iv»rnr»n • 

Ki^ht auricle fnrar uini-pif} v.\Ue 
KiuLt .nurirl*' uipp r jy»^uoT) > 

S\ '•temic 


1 '• 
n } 


I 

151 

]20 

\2p 

I 


{{( 

ftl t, 


uT : 




.'M 



562 


ni-XTi;U. HAYN'KS. m'KWKLK, Kl'IM N(;i;K. SOSMAN. AKn EVANS 



Fig. 1. Patknt Ductu.s Akteiuosus (Case 1) 

The positions of the catheter are identifiable by the corresponding numbers in the schema. 
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vSr)4 

of the catheterization are presented in iMj^nrc 2 
and 1 able 11. 1 lie oxygen vaiue.s of bloods from 

the 3 cbainbers were in good agreement and 
sliowed no deviation from tlie normal. The pre.s- 
sures in the pulmonary artery and right ventricle 
were .still elevated. 


TAiti.i-: n 


/. G. 26. hi after'iUv'nitm of 
palcnl duflus ttrlrriostts 


Sample | Oxyuvn 

! emiteiit 

IVc*:- 

Mirc 

Right pulmonary artery (mid-portion) 
Right pulmonary arierj' (ne.ir hifiircntion) 

»«/. /'('r /. 

91 

92 

miri. //(C 

80/45 

Right ventricle (near pulmonttry valve) 
Right ventricle (mid-ftoriion) 

Right ventricle (near tricuspid valve) 

92 

88 

88 

80/ -3 

Right auricle (near tricuspid valve) 

Right auricle (upper portion) 

75 

SS 

“3 

Systemic artcrv 

124 

(90 per 
cent) 

136/88 


A-P diameter of chest 
Oxygen consumption 
Body surface area 
Arteriovenous oxj'gen 
ditTcrence 
Cardiac output 
Cardiac index 


17 cm. 

244 ml. per min. 

I..sO sq. m. 

32 ml. per I. 

7.6 I. per min. 
5.1 


Discussion: Calculation of the volume of flow 
through the ductus was made first by Eppinger, 
Burwell, and Gross (3) on the basis of blood 
samples obtained from the pulmoitary artery at 
the time of operation. Blood samples withdrawn 
through the intracardiac catheter have the great 
advantage of being obtained with the patient in a 
relatively basal state. An oxygen content of blood 
in the pulmonary artery significantly higher than 
that in the right ventricle has been found regularly 
by venous catheterization in patients with patent 
ductus arteriosus. 

In a previous study with the catheter in a con- 
trol series of patients (2), it was observed that 
the greatest variation between the highest oxygen 
content of blood in the right ventricle and that in 
the pulmonary artery was 0.5 volume per cent. 
On this basis, it is believed that flows through the 
ductus of less than 0.5 1. per min., and possibly as 
high as 1.0 1. per min., are probably not detectable 
by the venous catheter method unless the tip of the 
catheter can be placed in the stream of arterial 


blond flowing into the ])ulmonary artery through 
the ductu.s. in which case .smaller defects may be 
detectable. 

Some patients with patent ductus have shown an 
elevation of pressure in the pulmonary artery and 
right ventricle, as in the example cited. In the 
majority of patients, however, the jiressures have 
been normal, 

TIic diagnosis of patent ductus arteriosus has 
been confirmed by venous catheterization in 7 pa- 
tients to date and has been proved subsequently 
at the time of operation in each. 

Tetralogy of Fallot 

The tetralogy of Fallot consists of pulmonary 
stenosis, interventricular septal defect, dextro- 
])osition of the aorta, and right ventricular hyper- 
trophy. There is a diminished blood flow to the 
lung. A shunting of blood from the right ventricle 
into the aorta produces cyanosis. 

Case 3. P. B. was 22 years old and liad been a “blue 
bal)y.” All Iiis life lie bad been subject to periodic attacks 
of intense cyanosis and .syncope, and liis activities iiad al- 
ways been restricted. On physical examination, he was 
tail and well-developed with moderate cyanosis of lips 
and nails and pronounced clubbing of fingers and toes. 
The blood pressure was 103/84 mm. Hg. There 
was a harsh systolic murmur in the second left in- 
tercostal space transmitted widely over the precordium 
without thrill or diastolic component. There were no 
signs of congestive heart failure. X-ray of the heart 
(Figure 3) showed enlargement to the left. The apex ap- 
peared to be lifted above the diaphragm. An electro- 
cardiogram showed right axis deviation. . The red cell 
count was 8.2 million, the hemoglobin was 27.4 grams, 
and the hematocrit was 75. 

The results of venous catheterisation are shown 
in Figure 3 and Table III. It will be noted that 
8 samples of blood from the right auricle, right 
ventricle, and pulmonary artery checked well as 
to oxygen content. The high systolic pressure in 
the right ventricle with a low pressure and narrow 
pulse pressure in the pulmonary arter}^ indicated 
pulmonic stenosis (see Figure 4). Simultaneous 
pressures were not obtained from right ventricle 
and femoral artery, and hence the identity of these 
systolic pressures could not be tested. The sys- 
tolic arterial blood showed a moderate degree of 
unsaturation. It was concluded that the patient 
had pulmonary stenosis and ventricular septal 
defect. 
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P. B. Ag^c 22. 'J'elnilogy of Fallot 


S;vmp!c 

Oxvf;r/i 

ciijiti'nl 

JVr?- 


III}, pfr 1. 

mm. II g 

Right piiimonarv arlerv 

242 

8/4 

Right pulmonary artery 

243 i 

Right ventricle (near piiimonarv valve) 

248 


Right ventricle (mid-portion) 

248 

98/0 

Right vciUricle (near tricuspid valve) 

248 

Right auricle (lower {loriion) 

255 


Right auricle finid-portion) 

253 

0 

Right auricle (upper portion) 

250 


Systemic artery 

295 

(85 per 
cent) 

10.3/80* 


A-P diameter of rliest 
Oxygen consumption 
Body surface area 
Pulmonary arteriovenous 
oxygen difference (assum- 
ing 95 per cent sjitiiralion 
for pulmonary venous 
blood) 

Peripheral arterio%'enoiis 
oxygen ditTcrcnce 
Pulmonary' ariori’ blood flow 
Peripheral blood flow 
Flow through defect 
Right to left 
Left to right 


19.0 cm. 

220 ml. f)er min. 

1.71 -sq. m. 

S9 ml. per I. 


43 ml. per 1. 

2.5 1. per min. 
5.1 1. per min. 

2.6 I. per min. 
none 


lar xcpttiin. The rif^hl veittriciilar tvaJl measured 
15 mm. in thickne.s.s, atid that of the left ventricle, 
12 mm. There was de.s'troposition of the aorta. 

Ca.((' S. II. S. wn.s a lO-year-oid boy who at the age 
of 6 weck.s wa.s found to have a heart murmur. He had 
never been a.s active as bis playmates and Iiad bad a con- 
stant cyanotic tinge to his nails and lips. He had always 
ita<( dysimea on climbing one fligiit of stairs, but this had 
not been j)rogressivc. On physical e.xamination, be was 
well'dcveloiied and wcH-nourishcd. The lips and nail 
beds n'cre .slightl.v bhii.sh. Xo chdibing was present. The 
heart was enlarged to percussion. The only murmur 
heard was a loud machinery murmur, maximal in the 
aortic region hut aiidilile over the entire prccordinm. 
There was no thrill. The blood [ircssure was 110/70 mm. 
Hg. There were no signs of cardiac failure. The hemo- 
globin was 17.3 grams, and the hematocrit was 49. Circu- 
lation time with magnesium sulfate was S seconds. An 
electrocardiogram sliowcd riglu axis deviation. X-ray 
(Figure 6) and fluoroscopy of the heart showed it to be 
enlarged to the left with dilated engorged hilar vessels. 
The aortic knob projected to the right. 

Oil vciioii.^ caihctcrization the catheter passed 
into the rigid ventricle and thence into the aortic 
arch and the descending aorta (Figure 6). This 
demonstrated the existence of an over-riding aorta 
or a ventricular septal defect and also of a right- 
arched aorta. Oxygen and pressure data are 


* Not recorded simultaneously with that of right ven- 
tricle. 

Flow calculations indicated only a moderate re- 
duction of pulmonary blood flow. Bing (4) has 
studied cases of tetralogy of Fallot in considerable 
detail by means of the venous catlieter and by e.x- 
ercise and respiratory tests, and has evidence, both 
physiological and morjiibologica], that these indi- 
viduals frequently develop a collateral circulation 
from systemic arteries to pulmonary artery which 
is not revealed by application of the direct Pick 
principle with the venous catheter. In view of 
his findings, it is probably more accurate to define 
our flow calculations as pulmonary artery flow 
rather than pulmonary blood flow since we are in 
agreement with Bing that the method as described 
in this report will not reveal the collateral circula- 
tion to the lung. 

Following a subsequent operation, the patient 
expired. Post-mortem examination revealed that 
the orifice of the pulmonary valve was only 0.5 
cm. in diameter (Figure 5). A 1.5 cm. defect 
was present in the upper part of the mterventneu- 


T.-UJLE IV 

H. S. Age 10. Tetralogy of Fallot and 
patent ditclus arteriosus 


Sample 

O.'cygen 

content 

Pres- 

sure 


7n/. per 1. 

mm. Hg 

Aorta 

187 

(84 per 
cent) 

1 

110/70 

Right ventricle (near pulmonary valve) 

173 

1 110/4 

Right ventricle (near tricuspid valve) 

140 

Right auricle (mid-portion) 

130 


Right auricle (upper portion) 

120 

•4 


A~P diameter of chest 
O.xygen consumption 
Body surface area 
Pulmonary arteriovenous oxy- 
gen difference (assuming 
patent ductus arteriosus as 
only source and 95 per cent 
oxygen saturation of pulmo- 
nary venous blood) 
Peripheral arteriovenous 
oxygen difference 
Pulmonary blood flow 

(through patent ductus ar- 
teriosus assuming pulmon- 
ary atresia) 

Peripheral blood flow 


17.5 cm. 

166 mi, per min. 
1.22 sq. m. 

25 ml. per 1. 


62 ml. per 1. 

6.7 1. per min. 

2.7 1. per min. 
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P. B. 


PULMONARY RIGHT 

ARTERY VENTRICLE 


RIGHT 

AURICLE 


MM. 

HG 



'A 

• \ 

I \ 


A 

}\ 

’ \ 

\ 





Fig. 4. Bi.oon Pressures Obtai.ned ik C.\£e 2 
A continuous pressure was obtained as the catheter was withdrawn from tlic pulmonarj- artery 
to the riglit ventricle. Note the high systolic pressure in the right ventricle as comparcfl with 
that in the pulmonarj- artery indicative of pulmonic stenosis. 
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Fig. 6. Tetralogy of Fallot (Case. 3) 

The positions of the catheter are identifiable by the corresponding numbers in the schema. Note that the catheter i)assed from the right 
ventricle into the ascending aorta and followed the arch of the aorta to the right. 
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In no case as yet has the catheter been intro- 
duced into both the aorta and the pulmonarj’ arterj- 
in the same patient. 

Interventricular septal deject {Roger's disease) 

Defects in the ventricular septum varj- in size 
and are most commonly located at the base of the 
heart just below the aortic valve. Since the pres- 
sure in the left ventricle is higher than that in the 
right ventricle, the shunt is from the left to the 
right side of the heart e.vcept under certain special 
conditions. 


Case 4. J. H. was a 6-year-old boy who had had a 
known murmur since the age of 11 months but had never 
had any limitation of activitj’. Physical e.xamination re- 
vealed a hcalthy-looking active boy of normal develop- 
ment. There was no cyanosis or clubbing. Cardiac find- 
ings included a blood pressure of 105/45 mm. Hg, a heart 
enlarged to left and right, and an extremely loud and 
harsh systolic murmur heard maximally at the third left 
intercostal space and transmitted over tlie entire pre- 
cordium. This murmur was accompanied by a thrill. 
A soft early diastolic murmur was heard along the left 
border of the sternum. X-ray (Figure 8) and fluoroscopy 
of the heart showed marked enlargement, especially in tlic 
region of the left ventricle, a dilated left auricle posteri- 
orly, and enlargement of the pulmonary arterj-. Hilar 
vessels were engorged but could not be demonstrated to 
pulsate. An electrocardiogram was normal. 


Venous cathetcrizatiou was performed as shottii 
in Figure 8. and the results arc tabulated in Table 
It is apparent tiiat a considerable amount of 
arterial blood entered tlic right ventricle, suggest- 
ing the presence of a defect in the ventricular sep- 
tum. Ihe recorded pressures were normal. 
Catheterization did not c.xplain the low diastolic 
pressure or the <liastolic murmur. Tiicrc was no 


evidence of a concomitant patent ductus arteriosus 
with pulmonary insuniciency. It was believed tliat 
this ])atient probably bad an aortic instifilciency in 
addition to an interventricular sejital defect. 

Discussion: The recognition of interventricular 
septal defect by venous catbeterization should de- 
I'cnd niHin finding a significant increase in the 
amount of oxygen in the right ventricle as com- 
j'.Tted, with that from the right auricle. Two .sucii 
la'cs b.ave 1-een descrilH ii by Habhviu. M«s.re. and 
.Voble (.sf. .\ sT'f.ifjcantly elev.atei! o\\i;ei; c.n- 

tent o*. b’i„„\ n, rig'it wntricle :n.a\ ref.ect t;;'" 
r’c'emT <■; an mtt r\ t mm-’.f .ar -ental de fect or, 

t >-C' 'irtie..iis , o', a jv.tent <!uctu- r.rtrMo.us v.nn r.*i 


TABLE v 


J. H. Age 6. Ventricular septal deject, 
aortic insuficiency 


Sample 

; i 

} O.T>'Ken ; Prc-'- 
f content | fure 

Right pulmonary artery (mid-portion) 
Pulmonary artery (at bifurcation) 

! -■ 

I IS 

1 

Right ventricle (near pulmonary x'alve) 
Right ventricle (mid-portion) 

Right ventricle (near tricuspid valve) 

j 15S 

155 : 29/4 

■: 156 i 

Right auricle (near tricuspid valve) 

Right auricle (upper portion) 

■■ 126 ! , 

i 121 ' 

Superior vena cava 

1 12S 1 

Systemic artery 

! 177 : ‘ 

j(100 per j 
i cent! ; 


.A-P diameter of chest 
O.vygen con.sumption 
Body surface area 
Pulmonary arteriovenous 
oxj-gen difference 
Peripheral arteriovenous 
oxygen difference 
Pulmonarx' blood flow 
Peripheral blood flow 
Flow through shunt 


14.5 cm. 

ISS ml. per min. 
0.S2 sq. m. 

20 ml. per I. 

52 ml, per 1. 

7.0 I. per min. 
.1.4 1. per min. 

4.5 1, per min. 


associated ptihnonic insufficiency. Three in- 
stanees of the latter iiave been suspected, in one 
of whom division of the ductus eradicated all 
murmurs and subsequent venous catheterization 
failed to reveal any significant variations fit (p.xy- 
gen in the right auricle, right ventricle, or jiubn'i- 
nary artery. It is believed, therefore, that a diag- 
nosis of interventricular sejital defect in the [ire-- 
cnce of a jiatent rluctus arteriosus slioubl Ir- made 
with caution. 
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ure, the right ventricular pressure has been nor- 
mal in all of our cases to date. 

hUcrauricular scpfal defect 

Defects in the interauricular septum vary con- 
siderably in size. The flow of blood is predomi- 
nantly from the left auricle to the right auricle 
(6). If the defect is large or if pressure in the 
right auricle becomes elevated, a rigbt-to-left shunt 
may likewise be present (7). 

Two patients will be described to illustrate 2 
different ways in which venous catheterization 
may aid in the recognition of auricular septal 
defects. 

/iifrorfucO’on of catheter </iroiirjA the defect: Case 5. 
E. M. was a 25-ycar-oId woman who had been found to 
have a heart murmur in grade school. She had always 
experienced fatigue rather than dyspnea on exertion. 
For 5 years she had had cyanosis on exposure to cold and 
on exertion. She was slender and there was no clubbing, 
but the fingers and lips were perceptibly cyanotic. The 
heart was ovcractivc, and there was a harsh diastolic 
murmur without thrill at the fourth intercostal space. 
The blood pressure was lOS/76 mm. Hg. X-ray (Figure 
9) and fluoroscopy of the heart revealed it to he markedly 
enlarged with a huge pulmonary artery. An electro- 
cardiogram showed right axis deviation, 

I'eitoiis catheterization was incompicfe in this 
jiaticni. The catheter entered the right auricle 
(Figure 9). and followed a course acutely up- 
wards and to the left so that the tip lay outside the 
cardiac shadow. Blood obtained from this point 
was 97 per cent saturated with oxygen (sec Table 
\T). It was concluded that the catheter liad 
passed through an auricular septal defect into the 
left auricle and into one of the pulmonary veins. 
-Atteiujits to introduce the catheter into the jnilmo- 
nary artery were unsuccessful. 

Lefl-to-r(<)l:t shiir.t: Case 0 H. C. was a 56-ytsir-old 
man wlm denied ever h.aviin: h.ad any symptnms rci’crahlc 
til the heart, tin adnii'.vi,,.^ to the ho-’e.tal for carciea'V.'.a 
of the bladder, it w.av noted th.at hiv heart was cnl.aresd 
to left and richt. that the ran wa' rapid, and th.rit there 
wa- a harsli systolie ninrte.ur without a th.ril! maximal at 
the tliird lc!t intercostal .xj- 1 wi.'.rlr tr.an.'m!tti'’5 .e.rr 

the t'rtvorde.nn an.'l leicV No dia'to'ij i:-.-.;rnn.:r‘ were 
hi.itil The pn.lin.o'n. -cv o- 1 wro r .'cemt'.tat* I 

t ,.,v ;,.vl rle.’''’-;.e wrrt. alo' There wire . .t.-r-, 

"i so-v...,.;^r Tp, h :n 



TABLE Vt 

E. M. Age 25. Auricular septal defect 


Sample 

j 

1 Orjxen 
; content 

Ox^'Kcn 

satura- 

tion 

Pre— 

sure 

Superior vena cava 

Inferior vena cava 

Iml. f'frl. 

1 130 
i 156 

60 

72 

r:r»:. /fc 

Right auricle (along right wall) 

; 1-12 

66 

6 

Left auricle 

i 196 

91 

10 

Pulmonary vein 

i 212 

97 

14 

Systemic artery 

' 187 

89 

'C 

1^ 

oo 

c 


Venous catheterization (Figure 10 and Table 
VII) revealed a large increase of oxygenated 
blood in the right auricle as compared with that 
in the superior vena cava, as well as a valtie in 
one of the samples from the right atiricle jtracti- 
cally identical with that found in the femoral ar- 
tery. On the basis of tlic.se finding.s. the diagnosis 
of an auricular septal defect seemed justified. 
There was no evidence of other cardiac defects. 


T.MIl.E vn 

J{. C. Age 56. .-luncular septal defect 


Sample 




, rrt.ff-l. 

Right pulmon.irv anen.- 

146 

Left pulmonarv arterv 

14.S 

Left ptilmontry artery 

140 

Right ventricle inear piilmonarr valve' 

142 

Right ventricle (mid-[V)rtion,i 

142 

Right auricle inear tricii-pid valvf 

11 . •' 

Right auricle imid-jvirlion i 

1 17 

Right auricle l.up;».r jKirtion; 

IP' 

Stip'Tior Vena c-iva 

St/fKTKir vcfta r.ww 

!"7 

j ;ii 

S\ vtcmir ar:»'r% 



f.'l 
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Discussion: Two methods, as described by 
Brannon, Weens, and Warren ( 9 ), can be utilized 
with the venous catheter to assist in the diagnosis 
of auricular septal defect: (a) Introducing the 
catheter through the defect (Patient 5 ), and (b) 
finding a significant increase in the oxygen content 
of blood in the right auricle (left-to-right shunt) 
(Patient 6 ). 

Attempts to introduce the venous catheter 
through a defect in the auricular septum have been 
unsuccessful in the majorit}' of cases. Anatomi- 
cally, there appears to be no reason that, with ex- 
perience, it could not be done with fair regularity. 

A significant increase of oxygen content of blood 
in the right auricle may be present as the result of 
an interauricular septal defect with a left-to-right 
shunt, of an anomalous pulmonary vein emptying 
into the right auricle ( 7 , 10 ), or of tricuspid in- 
sufficiency associated with interventricular septal 
defect. Baldwin, Moore, and Noble ( 5 ) have ob- 
served an instance of the latter and recognized 
tricuspid insufficiency by analysis of the auricular 
and ventricular pressure tracings as described b}- 
Cournand and associates ( 11 ). The recognition 
of a pulmonaiy- vein emptying into the right auricle 
is practically impossible with our present knowl- 
edge. Statistically, auricular septal defect is much 
commoner than anomalous pulmonary' veins emp- 
tj'ing into the right auricle or tricuspid insuffi- 
ciency associated with a ventricular septal defect. 
In control patients, the ox3-gen content of the 
right auricle has been obseia^ed to be as much as 
1.9 volumes per cent higher than that of the supe- 
rior vena cava ( 2 ). It is apparent that sizable 
auricular septal defects can be easily overlooked 
unless the catheter can be placed in the stream of 
arterial blood flowing from left auricle to right 
auricle. 

DISCUSSION 

Venous catheterization has opened new possi- 
bilities for the recognition of man3' congenital de- 
fects, for elucidating the hemod3'namic changes, 
and for assisting in rendering a prognosis b3’ de- 
fining the nature and ph3’siological magnitude of 
the defects. As with other methods, it has its 
limitations and these we have tried to point out. 
The tetralogy of Fallot ma3- be recognized with a 
high degree of accurac3’ if the assumptions on 
vhich the interpretations of pulmonary- stenosis 


and ventricular septal defect were made are ac- 
cepted. Patent ductus arteriosus can be detected 
in most instances where the defect is of sufficient 
size to produce symptoms or signs. Defects in 
the auricular and ventricular septa offer greater 
difficulties in diagnosis than the other 2 lesions. 
The diagnostic accurac3' of the method in septal 
defects depends upon the success with which the 
tip of the catheter can be placed in the stream of 
arterial blood flowing into the right side of the 
heart from the left. 

The necessit}' of obtaining multiple samples 
from each chamber is apparent, and a prerequisite 
of successful venous catheterization in patients 
with congenital cardiac defects is the gathering of 
as much information as possible b3' histoiy, ph3'si- 
cal examination, x-ra3', and fluoroscop3' before 
catheterization is performed. Although we have 
not as 3’et used the method of Robb and Steinberg 
( 12 ) of visualization of the cardiac chambers and 
great vessels with diodrast, information derived 
from this procedure should serve as a valuable 
adjunct to venous catheterization. 

Finally, the increase of knowledge of hemod3'- 
namics acquired b3’ techniques such as this will 
lead to increasing ease of diagnosis br- simpler 
methods. Since certain varieties of congenital 
heart disease can be. relieved or cured b3’ surgeiA', 
precise diagnosis is of such importance that all 
doubtful cases should be studied with all available 
diagnostic techniques. 

SUMM.ARY 

1 . Venous catheterization has been applied as a 
diagnostic measure and as a method of stud3'ing 
the hemodynamics of various types of congenital 
heart disease. 

2 . In patent ductus arteriosus, blood in tbe pul- 
monar3- artery- is more highh' ox3'genated than 
that in the right ventricle. 

3 . In inten'entricular septal defect, blood in the 
right ventricle is more highlv o.xwgenated than that 
in the right auricle. 

4 . In the tetralog3’ of Fallot. pulmonar3- stenosis 
is identified b3- finding a higher svstolic pressure 
in the right ventricle than in the pulmonar3- ar- 
ter3-. In some instances, the catheter ma3' be in- 
troduced through the ventricular septal defect into 
the aorta. Other aspects of the diagnosis arc- 
discussed. 



576 


ni:XTKK. IIAYNICS. lU’UWKI.I., KIM'I NOK I!, SOSMAN. AND KVANS 


5. Auricular scjHal defect may he recoj^uized hy 
intruduciu^ the catheter tlirou,i,di the defect iut(» 
the left auricle, or l)y (indiup; arterial i)I(KKl iji the 
right auricle in eases with a left-to-right sluuU. 

6. 'I'he limitations aud potentialities of the 
method are discussed. 

Tl>c unllior.s :ire indelitcd to Dr. Siimucl A. hcviiu- 
for his hclj) and cnconraRoinciU in tiiis study. I’atirnts 
1, 3, and 4 were referred hy l\iin for evalnaticni hy venous 
catlietcrization, and Dr. I’anl D. Wliite sent ns patient .3. 

Tiie antiiors wisli to express their appreciation to Miss 
Bari)ara Jaco!)s for Iier teclinical assistance. 
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Streptomycin appears to be the most useful anti- 
biotic available at present for the treatment of 
infections due .to gram-negative bacilli. The ab- 
sorption, distribution, and excretion of the drug 
following various modes of administration have 
been studied (1). The results of clinical trials 
of the drug in various types of infections have been 
reported (2). Treatment schedules and the influ- 
ence of various factors in determining the optimum 
dosage of streptomycin have been investigated 
clinically, and the results are being reported else- 
where (3). The observation that the most com- 
mon cause of therapeutic failure was the devel- 
opment of bacterial resistance or fastness® to 
streptomycin focused attention on the necessity 
for further bacteriologic studies in relation to con- 
centrations of streptomycin. The cases of urinarj* 
tract infection afforded an opportunity for further 
investigation of the effect of streptomycin on 
bacteria. 

MATERIALS AND METHODS 

Bacteriologic methods 

In each case an attempt was made to detect all the flora 
involved. Urine was collected by catheterization in all 
females and in many of the males; in the remainder of 
the males voided specimens were collected after thorough 
cleansing of the glans and meatus with a 1 : 1,000 solution 

^ The streptomycin used in this study was furnished 
by the Committee on Chemotherapeutics and Other Agents 
of the National Research Council. 

- These studies were aided by a grant from Miss Edith 
Pipkin and Mrs. J. B. Pipldn. 

® Although the term resistance has been used to denote 
a lack of response by the organism to the drug, the pos- 
sibility of confusion with resistance (immunity) of the 
host would suggest that another term such as insensitivit>', 
refractoriness, fastness, or non-susceptibility should be 
used when referring to the bacteria. Refractoriness or 
fastness would imply the development of insensitivity in 
a presdously susceptible organism. At present this is 
known to develop only after exposure to the drug. 


of mercuric chloride. After a small amount of urine had 
been voided to wash out the urethra, the stream was in- 
terrupted with a sterile test tube for the collection of the 
specimen. 

The urine was centrifuged and smears were made and 
stained by the Gram method. Cultures were made rou- 
tinely on beef extract broth, blood agar slants or plates ad- 
justed to a pH of 7.5., and desoxycholate plates. In- 
dividual colonies were transplanted to differential sugars 
for further identification. When the presence of organ- 
isms which required special bacteriologic methods was 
suspected, the necessary conditions of partial or complete 
anaerobiosis or increased carbon dioxide tension were 
achieved. 

. Therapy was usually started as soon as gp-am-negative 
bacilli were detected on a smear or culture, without await- 
ing complete identification. During therapy, cultures were 
usually made daily. One or more additional cultures 
were done at least 24 hours after the completion of ther- 
apy, before the patient was discharged from the hospital, 
and a culture was made on each follow-up visit 

In vitro setisitivity (^susceptibility*'^ tests 

In all cases the susceptibility of the etiologic agents to 
streptomycin, penicillin, and sulfadiazine was determined 
in vitro when the organisms were initially isolated. A 
test tube method was adopted because of its simplicity and 
convenience. Three milliliters of beef extract broth was 
placed in each tube, and the tubes were sterilized in an 
autoclave. Sterile aqueous stock solutions were prepared 
which contained respectively 2S mgm. of sulfadiazine, 
250 units of penicillin, and 1,000 micrograms (0.001 gram) 
of streptomycin per ml. Three series of tubes were ar- 
ranged in a rack, one series for each of the drugs. One 
ml. of the stock solution of the chemotherapeutic agent 
was mixed with the broth in the first tube of the series, 
and 1 ml. of this mixture was transferred to the second 
tube ; 1 ml. of the mixture from the second tube was then 
transferred to the third, and so forth. In order to keep 
the volume constant, 1 ml. was removed from the last tube 
of the series and discarded. In this fashion were pre- 
pared a series of 4 tubes containing graded concentrations 


* The term sensitivity, when applied to the response of 
organisms to chemotherapeutic agents, may lead to con- 
fusion with sensitivity (allergic) of the host Perhaps 
susccptibilitj' or inhibitory level is a better term. 
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of sulfadiazine ranging from 64 to 1 ingin. per 100 ml., 
another series of 4 tubes containing 64 to 1 units of peni- 
cillin per ml., and a third scries of 6 tubes containing 
250 to 0.3 pg. of streptomycin per ml. A control tube of 
broth containing no drug was added to each scries. 

All tubes were inoculated with approximately the same 
amount of the test organism; colonics were i)ickcd from 
solid media, or a loop of pure broth culture was trans- 
ferred. The tubes were incubated .for 24 hours, and then 
examined for bacterial growth as evidenced by turbidity. 
The result was usually obvious on inspection of the tubes. 
The lowest concentration of the drug which inhibited 
growth was taken as an index to the susceptibility of the 
organism. 

The predominating organism in each case was tested; 
in cases of mixed infections most of the other organisms 
were also tested, cither singly or in combination with the 
predominant organism. Studies were repeated at inter- 
vals during the course of therapy. The organism origi- 
nally isolated was subculturcd for comparison with those 
recovered at various intervals after the initiation of thcr- 
ap 3 \ Therapy with streptomycin was not withheld pend- 
ing the demonstration of sensitivity of the organism, since 
one object of the study was the evaluation of the in vi/ra 
technique as a means of predicting the efficacy of ther- 
apy. In the early stages of the study the concentrations 
of streptomycin in the media were occasionally varied, 
so that some results for concentrations of 10 and 100 ftg. 
per ml., as well as for the standard dilutions, are reported 
in the tables. 

Determinations of streptomycin concentrations in 
blood and urine 

The method of Price, Nielsen, and Welch was used 
.without modification to determine the concentration 
of streptomycin in serum and urine (4). Blood samples 
were drawn at random during the course of therapy; the 
blood was centrifuged and the serum used undiluted. 
Single voided specimens of urine, as well as 12 and 24- 
hour total collections, were assayed. All urine specimens 
were passed through a Seitz filter prior to the determina- 
tion; preliminary experiments had indicated that no ap- 
preciable loss of streptomycin occurred by adsorption 
on the filter. Urine which was thought to contain a high 
concentration of streptomycin was tested in a dilution of 
1:50. 

The fluid to be tested was serially diluted in test tubes 
with a special broth adjusted to pH 7.8. In a second 
series of tubes the fluid of unknown streptomycin content 
was replaced by a solution of streptomjxin containing 
10 /ig. per ml. To each' tube in both series 1.5 ml. of a 
1 : 100 dilution of a 12-hour growth of Bacillus circulans 
in broth was added. The tubes were incubated over- 
night at 37° C. ; the last tube in which no growth occurred 
was considered the end point. The concentration of 
streptomycin in the test fluid was determined by compar- 
ing the end point of the first series of tubes with that of 
the second. 


Patients 

Forty-five patients received 52 courses of streptomycin 
for urinary tract infections due to gram-negative bacilli. 
Seven patients each received 2 courses of the drug. All 
patients were admitted to the wards of the North Carolina 
Baptist Hospital ® and were treated between March and 
October, 1946. The j’oungest patient was 4 years, and 
the oldest, 74 years of age. In 12 instances the infection 
had been present 4 weeks or less; in the remaining 40, 
.symptoms had been present for periods ranging from 1 
month to 22 j'cars. As many patients as possible were 
seen in the Outpatient Department at monthly intervals 
after discharge ; the average duration of follow-up was 2^4 
months, and the maximum period was 6 months. 

Methods and treatment 

The total daily dose varied from 0.15 to 2.0 gram; the 
individual doses ranged from 25,000 to 333,000 ng. each 
and were contained in 1 to 2 ml. of sterile physiological 
saline® or water. The daily dose was divided into 6 
equal doses given intramuscularly every 4 hours day and 
night ; the usual course of therapy was 5 days, though some 
patients were treated for as few as 2 days and some as 
manj' as 13 days. When the patient’s condition permitted, 
tlie concentration of streptomycin in the urine was raised 
by restricting the fluid intake in an attempt to limit the 
urinary output to appro-ximately 1 liter a day. 

Early in the course of the investigation no attempt was 
made to regulate the pH of the urine. The importance of 
adequate alkalinization of urine was soon demonstrated, 
however, by preliminary in vitro experiments which indi- 
cated that the effectiveness of the same concentration of 
streptomycin was increased 16-fold by raising the pH 
from 5.5 to 8,0. Thereafter, an attempt was made in all 
cases to increase the pH of the urine to at least 7.4. The 
pH of random voided samples of urine was determined 
with indicator paper prepared bj’^ saturating filter paper 
in a 0.05 per cent solution of phenol red in 70 per cent 
methyl alcohol; this method was found to be reasonably 
accurate within 0.2 of a pH unit. 

RESULTS 

Susceptibility of organisms 

Fifty-nine strains of 8 species of organisms were 
isolated. A single organism was demonstrated in 
44 cases; in the remaining 8 cases, the infections 
were mixed and were due to 2 organisms. Those 
organisms which were inhibited by 16 jug. or less 
of streptomycin per ml. — a level 3vhich can be at- 
tained in the blood — ^tvere arbitrarily considered 
susceptible. 

° We are greatly indebted to Dr. Fred. K. Garvey, of the 
Department of Urology, for supervising the complete uro- 
logic study of these patients. 

® Some evidence has been presented that saline inac- 
tivates solutions of streptomycin ; ^vater is a better diluent. 
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TABLE I 


Susceptibility of organisms 


Organisms 


• 


Before therapy 





After therapy (drug-fast) 

Number 

cases 

Streptomycin (pg. per ml.) 

Number 

cases 

Streptomycin 
(jig. per ml.) 

03 

1 

1 4 

1 

10* 

16 

64 

100» 

2S0 

>250 

1 

i 

64 

>250 

1 Susceptible j 

Non-susceptib?e | 

Aerobacter aerogenes 

24 

u 

3 

3 

1 




■ 

1 

H 

1 

8 

Pseudomonas aeruginosa 

22 


5 

6 

3 



1 


1 


2 

9 

Escherichia coli 

7 

2 

3 


1 

1 



HH 


■H 



A Ikaligenes fecalis 

2 





1 

1 


■ 





Klebsiella pneumoniae 

1 

1 












Proteus morganii 

1 1 


1 











Streptococcus faecalis 

1 







1 






Streptococcus, non-hemolytic 

1 







1 

■ 





Total 

59 

14 

12 

9 

5 

12 

1 

3 

1 

2 

20 

3 

17 


* These concentrations were used in early experiments onlj'. In some succeeding tables these data are grouped with 
those for the next higher concentration. 


The concentrations of streptomycin required to 
inhibit the organisms originally isolated are shown 
in Table I. The susceptibility of different species 
of gram-negative bacilli and of various strains 
within the same species varied greatly, but most 
gram-negative bacilli were susceptible initially to 
concentrations of streptom}Tin which can be read- 
ily attained in vivo. Of the organisms most fre- 
quently isolated, strains of Aerobacter aerogenes 
were slightly more sensitive than those of Pseudo- 
monas aeruginosa; strains of Escherichia coli 
were intermediate in susceptibility. In view of 
the levels of streptomycin which can be attained 
in blood or urine, the variations in susceptibility^ 
to concentrations of streptomycin below 16 per 
ml. are of doubtful clinical importance. 

The most striking bacteriologic finding in the 
study was the development of fastness to strepto- 
mycin in organisms previously’’ sensitive to the 
drug. The results of sensitivity tests using strains 
of organisms obtained after the completion of 
streptomycin therapy are also shown in Table I. 
All the organisms were recovered from patients 
in whom treatment with streptomycin had failed, 
and the levels recorded represent the maximum 
degree of resistance obsen’ed. Further testing 
several months later of the available strains of 
organisms which had been found insensitive to 
more than 250 ng. of streptomycin per ml. re- 
^ ealed the following levels of susceptibilitv ; 


Concentration of streptomycin 

in iig. per ml. 2,500 10,000 > 10,000 

Number of strains 4 2 3 

The relation of bacterial fastness to the dose or 
concentration of streptomycin, the duration of 
therapy, and other factors will be discussed fur- 
ther below. 

Susceptibility to streptomycin of the organisms 
originally isolated is compared with their sensi- 
tivity to sulfadiazine and penicillin in Table II. 
No correlation was found ; organisms resistant to 
sulfadiazine and penicillin were susceptible to 
streptomycin. A comparison of the susceptibility 
of the organisms to sulfadiazine and penicillin was 
made. Most of the organisms which were refrac- 
tory to sulfadiazine were found also to be resistant 
to penicillin, but it should be stated that all of the 
patients had had an unsuccessful clinical trial with 
at least one of these drugs before streptomycin 
was administered. 

Comparison of the dose of streptomycin vith the 
concentration in blood and urine 

In Figure 1 the total daily' dose of streptomycin 
is compared w'ith the maximum level attained in 
the blood. The blood levels varied widely, but in 
general the blood concentration was found to be 
proportional to the size of the dose. When the 
data are plotted in relation to the body weight, a 
much closer correlation is obseiwed. 
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TATILE II 

Suscepiibtlily of or^anistns to slrcptomycin compared 
•with that to penicillin and sulfadiazine 


Streptomycin (jij. per ml.) 



0.3 1 4 10 

I 

16 

64 




Susceptible 

Non-susceptible 

Sulfadiazine 

1 

1 





(rngm. per cent) 

4 

1 

1 





16 

5 2 3 4 

1 


2 



64 

7 6 6 

1 9 

1 


2 

Penicillin 

1 

2 





{units per ml.) 

4 

2 



1 



16 

1 3 



1 



64 

00 

00 

10 

1 


2 


The maximum levels of streptomycin in the 
urine vary widely in relation to the total daily 
dose as is shown in Figure 2. The concentration 
in the urine was usually several times greater than 
that in the blood. When the maximum urinary 


STREPTOMYCIN IN BLOOD 



4 8 12 16 20 24 28 32 36 40 

MAXIMUM LEVEL MICROGRAMS/cC. 


Fig. 1. Comparison of the Maximum Level of 
Streptomycin in the Blood with the Total Daily 
Dose Injected Intramuscularly 

level observed is compared with the daily dose ’ 
calculated in relation to body weight, the correla- 
tion is slightly better. 

Since only one of the patients exhibited marked 
impairment of renal function, the effect of renal 


STREPTOMYCIN IN URINE 



ioo 300 500 700 900 1100 1300 

MAXIMUM LEVEL MICROGRAMS/cC. 


Fig. 2. Comparison of the Maximum Level of Streptomycin in the Urine with the 
Total Daily Dose Injected Intramuscularly 
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function on the concentration of streptomycin in 
the urine could not be determined. Alteration of 
the pH of the urine "did not appear to increase or 
decrease the rate of streptomycin excretion in ‘the 
few patients in 'whom the urinary concentration 
of the drug was redetermined after the administra- 
tion of alkali. The greatest factor affecting the 
urinarj" concentration of the drug appeared to be 
the urine volume. In most cases the amount of 
streptomycin excreted within 24 hours in the urine 
fell close to the reported average of 65 per cent of 
the total injected daily dose (1, 5). 

It appears that a minimum dail}’- dose of 0.6 
gram of streptomycin is necessary to assure a 
blood level of 10 {xg. per ml., and that a dose of 
1.5 to 2.0 grams is necessary to raise the blood 
level above 16 /xg. per ml. With the minimum 
dose used (0.15 gram daily) it was possible to 
attain a urinary level 5 times that which inhibited 
susceptible organisms in vitro. The minimum 
daily dose of streptomycin required to maintain a 
urinary concentration above 100 fxg. per ml. ap- 
peared to be 0.6 gram. 

Effectiveness oj therapy ' 

In 29 of the 52 infections (56 per cent), the 
urine became sterile before the completion of 
therapy. 

Relation of susceptibility and streptomycin con- 
centration to the therapeutic results. A compari- 
son of the initial level of susceptibility of the or- 
ganism with the maximum blood level of the drug 
attained indicates no correlation between these 
factors either in the arrested cases (Figure 3) or 
in the therapeutic failures (Figure 3A). In some 
patients infected with apparently non-susceptible 
organisms the urine was rendered sterile ivith low- 
blood levels of streptomycin, whereas therapy 
failed in other cases when the maximum blood 
concentration exceeded many times the in vitro 
level of susceptibility of the organism. 

A comparison of the initial level of sensitivity 
of the organism and the maximum urinary level 
of streptomycin attained reveals no correlation be- 
tween these factors for either the arrested cases 
(Figure 4) or those in which therapy failed (Fig- 

• Unless it is otherwise stated, the results given are 
tescd on the cultures made at discharge. The difnculty 
in differentiating between late relapses and reinfections is 
thus avoided. 


ARRESTED 



Fig. 3. Comparison op the Degree of Suscepti- 
bility TO Streptomycin mTH the Maxiiium Blood 
Level of the Drug in the Arrested Cases 


FAILED 



Fig. 3A. Comp.'irison of the Decree of Suscepti- 
EtHTY TO Streptomycin with M.aximum Blood Level 
OF THE Drug in the Cases Where Therapy Failed 
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TABLE III 

Results of therapy in relation to daily dose of 
streptomycin 



Grnms of streptomycin 

♦ 


Tot.nl 


0.4 

0.6 

0.8 

1.0 

1.4 

1.6 

2.0 

Number cases 

11 

20 

3 

1 

12 


4 

1 

52 

Arrested - 

9 

11 

1 

1 

6 


1 


29 

Failed 

2 

9 

2 


6 


3 

1 

23 


* For conciseness in this table, intermediate doses arc 
listed as the next highest dose. 


ure 4A). Instances of favorable response to ther- 
apy were observed when the maximum urinarj’ 
concentration did not exceed the in vitro level of 
susceptibility of the organism. On the other hand, 
failures were observed when the urinary concen- 
tration exceeded the in vitro level of sensitivity a 
hundred times. The greatest number of bacteri- 
ologic arrests occurred with a urinary concentra- 
tion of 100 fig, per ml. ; almost all the immediate 


TABLE IV 

Results of therapy in relation to duration of treatment 


1 

D.nys j 

Total 

2 

3 

4 

5 


7 

8 

9 i 

10 

11 

12 1 

13 

Number 

4 

2 

3 

17 

7 

m 


3 

2 


2 

2 

52 

cnscs 














Arrested 

4 

1 

2 

10 

5 

6 



1 




29 

Failed 


1 

1 

7 

2 

1 

4 

1 

3 

1 

1 


2 

2 

i 

23 


cures occurred with a concentration of 200 fig. 
per ml. of urine. 

Other factors affecting the therapeutic results. 
The total daily dose oj streptomycin did not ap- 
pear to affect the result of therapy as is shown in 
Table III. The results of therapy at discharge 
are compared with the total duration oj treatment 
in Table IV. The effectiveness of streptomycin 
did not seem to be dependent upon the duration 
oj the injeetion before the institution of therapy. 
Four chronic infections, 2 of which were mixed. 


ARRESTED 
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FAILED • 



Fig. 4A,' Comparison of the Degree of Susceptibility to Stpbptomycin with the Maximum Urine 
Level of the Drug in Cases Where Therapy Faileii 


were treated for 48 hours only ; the urine became 
sterile within 36 hours, and was sterile at discharge. 

When the cases are divided into infections of 
the upper urinary tract (above the bladder) and 
those of the lower urinary tract (in and below the 
bladder), the location of the injection is seen to 
be of little consequence (Table V). 

The effectiveness of streptomycin in sterilizing 
the urine did not seem to be dependent upon the 
species of the etiologic agent or its original sus- 


TABLE V 

Results of therapy in upper and lower urinary 
tract infections with and without complications 



Uncomplicated 

1 With complication 

Total 

Up- 

per 

Lower 

1 

Total 

Up- 

per 

Lovtrer 

Total 1 

Up- 

per 

Lower 

Number 

14 

o 

28 

14 

10 

24 

28 

24 ( 

cases 






1 



Arrested 

14 


25 

2 

9 

4 

16 

13 

bailed 

0 

H 

3 

12 

i 

20 

12 

11 


ceptibility (Table VI). Of the two most commo 
single etiologic agents, therapy failed in 42 pe 
cent of the infections with A. aerogenes and in 5 
per cent of those with Ps. aeruginosa; A. aero 
genes was slightly more susceptible in the in vitr 
test than Ps. aeruginosa. Because of the sma' 
number of cases involved, the difference in re 
sponse is not thought to be significant. Mixed in 


T.ABLE VI 

Results of therapy in relation to susceptibility of 
irifecting organism 


Organism | 


1 Streptomyem (uz- per ml.) 

Tott 

0_3| 

> i 

4 

B 

16 ! 

>16; 

] 

Number 

11 1 

B 

3 

1 

5 

1 

24 

Aerobacter j 

cases 


■ 



1 



aerogenes 

Arrested 

6 

B 

3 

0 

3 

0 1 

14 


Failed 1 

5 

B 

0 1 

1 

2 


10 

1 

Number 

5 

6 

3 

B 

B 




cases 




■ 

■ 

HH 


Uo. .. . 

Arrested 

1 

2 

1 

B. 

■ 




Failed 

4 

i 4 

2 

B 

B 
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TABLE VII 

Results of therapy in eases with and without^ complication in relation to susceptibility of infecting organism 
{Effectiveness of in vitro test in predicting results of therapy) 



1 Uncomplicated 

i 

With complication 


Streptomycin 


Susceptible 


Non- 

susceptible 



Susceptible 


Non- 

susceptible 


Total 








Total 







Total 


(pg. per ml.) 

0,3 

j 

1 

n 

10 

61 

>61 


0.3 

■I 

B 

16 

61 

>61 



Arrested 

6 

3 

6 

9 

1 

2 

27 

1 


1 


mm 


2 

29 

Failed 




1* 


1 

2 

5 

6 

4 

5 

B 

■ 1 

21 

23 

Total 




25 


4 

29 




22 

■ 

1 

23 

52 

i 


* Failure was due to mismanagement of therapy. 


fections, including the 3 with streptococci, cleared 
as well as did those due to a single organism. 

The effectiveness of therapy was greatly de- 
creased by the presence of a complication, such as 
a foreign body (cystostomy tube, urethral cathe- 
ter, or calculus), obstruction to the urinary flow 
(hydronephrosis, neurogenic bladder paralysis, or 
benign prostatic hypertrophy), a source of con- 
stant reinfection (prostatitis or external ureteros- 
tomy), or impaired renal function. Failures were 
extremely common in the presence of such compli- 
cations (Table VII), and with 1 exception were 


accompanied by the development of drug-fastness, 
which is discussed further below. 

Further analysis of the 23 cases in which ther- 
apy was unsuccessful revealed that in 4 cases the 
poor results could be at least partially attributed 


ARRESTED 

>64 

• • 

O 

- 

o 

^ 16 

< 

q: 

O 4 

9 

s 

• 

• • • • • 

fL 

5 ' 


0.3 

••• • • 

••• 

, 

' ■’ — 


, • -■ ^ 

12 24 36 48 60 72 >72 

HOURS 


Fig. S. Comparison of the Degree of Suscepti- 
bilty to Streptomycin with the Time Required to 
Sterilize the Urine in the Arrested Cases 


to failure to alkalinize the urine; complications 
were present in 2 of these cases. One patient in 
whom no complication was present was thought to 
have received an inadequate dose too intermit- 
tently, and to represent an instance of mismanage- 
ment of therapy. In 1 uncomplicated case the or- 
ganism isolated before the institution of therapy 
was not susceptible in vitro. 

Factors affecting the rapidity of bactcriologic 
arrest,- In 28 of the 29 arrested cases the urine 
was sterile by the end of the third day. The ra- 
pidity with which sterilization occurred did not 
seem to be dependent upon the species of bacteria. 
When the data are plotted on a scatter diagram, 
it would appear that in general the susceptibility 
of the organism to streptomycin before therapy is 
inversely proportionate to the time required for 


ARRESTED 



Fig. 6. Comparison of the Total Daily Dose of 
Streptomycin with the Time Required to Steril- 
ize the Urine in the Arrested Cases 
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the urine to become sterile (Figure 5). When the 
total daily dose of streptoviycin is compared with 
the time required to sterilize the urine, the data 
appear to indicate that the larger doses cleared the 
urine more quickly. When the data are plotted in 
a scatter diagram, however, the correlation be- 
tween the dosage and the time at which cultures 
became sterile is less striking (Figure 6). 

Accuracy of in vitro test in predicting results 
of therapy. The results of therapy are compared 
with the in vitro susceptibility of the organism in 
Table VII. The results indicate that the in vitro 
test predicted a favorable response in 24 of the 
29 uncomplicated cases, and that this prediction 
proved to be correct in every case but one. A fa- 
, vorable response which would not have been an- 
ticipated occurred in 3 cases out of 5 in which the 
organisms were classified as non-susceptible. The 
2 failures in patients without complications were 
attributed to mismanagement of therapy — ^inade- 
quate and intermittent doses — or treatment of non- 
susceptible organisms. Only 2 of the patients 
with complications obtained a favorable response. 
In the remainder, wth 1 exception, the organisms 
developed drug-fastness. The in vitro test would 
therefore appear to be useful only in cases without 
complications. 

Follow-up studies. The majority of the pa- 
tients were followed at least 1 month ; the average 
duration of follow-up was 2% months. Of the 29 
patients whose infection was arrested at the time 
of discharge, 15 remained free of infection at the 
last follow-up examination, and 5 were found to 
be infected; 9 were not traced. Thus approxi- 
mately % of those whose urine became sterile 
during therapy had sterile cultures and no pyuria 
when they were reexamined. In the patient -with 
the longest history of infection (22 years), the 
urine was still sterile 6 months after discharge. 
In 3 of the 5 patients who were found to be re- 
infected, a different organism was cultured from 
the urine 3 to 8 weeks after the original infection 
was cleared up. Two patients whose urine became 
sterile under therapy were found, 5 and 8 weeks 
later, again to have infections with the same spe- 
cies of organism, which had the same susceptibility 
to streptomycin as the original strain; it is not 
known whether these cases represent reinfections 
or late relapses. 


Fastness 

The development of fastness in the organism 
was the most common cause of therapeutic failure 
observed. In 23 instances, bacilluria persisted 
following completion of a course of streptomycin. 
The prolongation of therapy did not alter the clini- 
cal results, and second courses of therapy after the 
organism had become fast invariably failed. 

The development of fastness to streptomycin 
did not alter the susceptibility of the organism to 
other types of therapy, however. Infections with 
resistant organisms have cleared on subsequent 
therapy with mandelic acid, for instance, and have 
cleared without additional chemotherapy when a 
complicating factor — ^such as neurogenic bladder 
paralysis due to poliomyelitis — ^was removed. 

Once an organism became fast, it remained fast. 
The development of refractoriness only rarely al- 
tered the cultural characteristics of the organism. 

Factors affecting the development of fasttiess. 
Fastness developed much more frequently in the 
presence of a complicating factor. The fact that 
the organism became resistant in 3 out of 4 cases 
of bacteriologic failure in which the urine was not 
alkalinized suggested the possibility that the pH 
of the urine might have some effect on the develop- 
ment of fastness. Another possible explanation 
for failure also was present in each case, however. 

The development of fastness apparently bore no 
relation to the initial susceptibility of the organism 
(Table VIII). Resistance developed in roughly 


TABLE vm 

Initial susceptibility of organisms in relation 
to development of drug-fastness 



1 Streptomycin 

1 Ots. per ml.) j 

Total 

0-3 

] 


16 

Number of oreanistns 

14 

11 

10 

17 

52 

Number developed fastness 

4 

5 

4 

S 

18 

Per cent developed fastness 

29 

46 

40 

30 

35 


30 to 45 per cent of the organisms cultured regard- 
less of the original degree of sensitirit}'. In 21 
of the 23 cases in which the original course of 
therapy was ineffective, in vitro tests to determine 
the sensitivitj- of the causative organism were re- 
peated. In 1 case the organism retained its origi- 
nal susceptibilitj". In 17, it was found to be re- 
sistant to streptomycin in a concentration of at 
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least 250 ng. per ml. (Table I). In 3 instances 
the sensitivity decreased by only 1 tube in the in 
vitro test. A maximum urinary concentration of 
streptomycin at least 5 times as great as the origi- 
nal in vitro level of sensitivity had been obtained 
in all patients infected with susceptible organisms. 

When the duration of therapy before the devel- 
opment of fastness is plotted against the initial 
susceptibility, it is seen that, in general, organisms 
which were inhibited by streptomycin in a concen- 
tration of 16 fig. per ml. became refractor}' earlier 
than organisms which were originally not inhibited 
by this concentration. In the majority of the 
cases a period of 24 to 72 hours elapsed before 
the organisms became fast, though, in 1 case, re- 
sistance developed in 8 hours. In several instances 
cultures made 10 to 24 hours after initiation of 
therapy were sterile, while subsequent cultures re- 
vealed resistant organisms. In only 2 instances 
did susceptible organisms become fast after 72 
hours (Figure 7) ; obstruction was present in both 
cases, and both patients received small doses of the 
drug. 


FASTNESS 



12 24 36 48 60 72 >72 

HOURS 


Fig. 7. Comparison of the Initial Degree of 
Susceptibility to Streptomycin with the Dura- 
tion OF Therapy before the Development of Fast- 
ness 

When the duration of therapy before the devel- 
opment of fastness is plotted against the total daily 
dose of streptomycin, it is seen that some organ- 
isms developed resistance in 48 hours in spite of 
relatively large doses. On the other hand, in the 
patients receiving the smallest doses, fastness occa- 
sionally developed in 72 hours; one such patient 
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was infected with a susceptible organism but also 
had a complication, while another was infected 
with an organism which was originally resistant 
to 16 fig. of streptomycin per ml. Small doses had 
been administered for 4 and 5 days to the 2 pa- 
tients in whom fastness developed after the third 
day (Figure 8) ; both organisms were originally 
susceptible, but both patients had complications. 


FASTNESS 



12 24 36 48 60 72 >72 

HOURS 


Fig. 8. Comparison of the Total Daily Dose of 
Streptomycin with the Duration of Therapy be- 
fore the Detclopment of Fastness 

DISCUSSION 
Bacteriologic methods 

Most gram-negative bacilli, when isolated prior 
to therapy, are susceptible to streptomycin in vitro. 
The arbitrary classification of organisms into sus- 
ceptible and non-susceptible strains upon the basis 
of the in vitro response to streptomycin in concen- 
trations of 16 fig. or less per ml. is useful; this 
concentration can be attained in blood or urine 
with average doses of the drug. The fact that 
insensitive strains of organisms were occasionally 
found within the various species of organisms 
which are usually considered susceptible would 
justify preliminary in vitro tests in each indi- 
vidual case before administration of the drug. 

The in vitro sensitivity test predicted the sue- 
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cess of therapy in a sufficient number of uncompli- 
cated urinarj" tract infections to justify its routine 
use. The test was not dependable in the presence 
of complications, however. 

Routine in vitro tests before therapy may con- 
veniently be done with only 3 tubes — 2 containing 
dilutions of streptomycin in the range of 16 ftg. 
per ml., and another containing no drug. The 
organisms to be tested are introduced into one of 
the tubes containing streptomycin and into the 
tube containing no drug, which serves as a nega- 
tive control; the other streptom3'cin-containing 
tube is inoculated with a susceptible organism such 
as B. circulans and ser\’es as a positive control. 

Since it is likely that increasing numbers of re- 
sistant strains of organisms will be developed, as 
streptomycin becomes more widely available, a 
dependable in vitro test for the detection of 
streptom3-cin-fast strains before tlie initiation of 
therap3' wll become an important part of the 
testing and identification of the organism. All 
organisms recovered from positive cultures after 
the third day of therapy should be retested for the 
development of fastness ; if a single concentration 
of streptomycin is used for this purpose, it should 
probably be either 250 or 1,000 /xg. per ml. 

The finding that the sensitivity of gram-negative 
bacilli to streptomycin bore no relationship to 
their susceptibility to sulfadiazine and penicillin 
suggests that these drugs work through different 
enzyme s3’stems of bacteria. There is a possibilit3’^ 
that therapy with streptom3'cin combined with an- 
other chemotherapeutic agent might improve 
clinical results; further study of this question is 
justified. 

At present there is no substance which can be 
added to culture media routinely to inhibit the 
action of streptom3’cin present in the body fluids 
of patients under therapy. The development of 
such a substance ® would greatl3' improve the accu- 
racy of bacteriologic methods for evaluating the 
effectiveness of tlierap3-, especiall3* in determining 
the time at which organisms disappear, and might 
aid in the earlier detection of strains developing 
fastness. Cultures made after tlierapy is begun 
should be incubated at least 7 da3's, since organ- 
isms ma3’ grow more slowl3' then. 

* Hydroxylaminc hydrochloride is the most promising 
substance in use at present. 


We have no explanation for the fact that rela- 
tively few strains of Proteus were recovered from 
the patients in this series. 

The fastness of organisms to streptomycin 

Whether the development of streptomycin-fast- 
ness is due to a mutation of organisms of a single 
strain or to the removal of a susceptible strain in- 
hibiting a non-susceptible strain present simul- 
taneousty cannot be stated from our data. It is 
known that the tolerance of cells to a toxic agent 
increases when they are repeatedly exposed to it. 
Further study from the bacteriologic point of view’ 
with the idea of potentiating the action of strepto- 
mycin in its blockage of bacterial enzyme s3’stems, 
is urgently needed. 

Clinicall3’, the development of fastness in or- 
ganisms is of the greatest importance. The wide- 
spread development of streptom3’cin-fast strains 
of organisms would reduce the clinical usefulness 
of the drug. Whether the wrulence of the infecting 
organism is altered by tlie development of fastness 
. has not been determined definitely. The early de- 
tection of resistance wdll prevent dela3’ in altering 
therapy, thus conserving the 3’et small supplies of 
the drug, and preventing waste of mone3'. The 
data suggest that the development of resistance 
may be avoided in some measure b3’ the use of very 
vigorous therap3’, from the beginning, with doses 
greater than the minimum ones used in tliis study. 
Infections should be hit hard when therap3’ is 
started, regardless of the duration of the infection. 

Since refractoriness to streptomycin is very 
likely to develop in the presence of complications, 
and since it is a permanent characteristic of the 
organism once it is acquired, it might be advisable, 
if a complication correctable by surgical measures 
is present, to use other chemotherapeutic agents 
preoperatively and to reserve streptom3’cin for 
postoperative use. An exception should be made 
when the use of streptom3’cin might permit the 
performance of surgery that otherwise would not 
be possible. 

Because of the evidence suggesting that fastness 
ma3’ develop in organisms highl3' susceptible to 
streptomycin if they are exposed to low concentra- 
tions for 3 to 5 days, the use of small doses of the 
drug to prevent reinfection in arrested cases would 
not seem justified and mar’ be hannful. Reinfcc- 
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tion is dependent on the underlying pathologic 
process, which is not changed by chemotherapy; 
late relapses or reinfections with new strains are 
not due to failure of the drug. Streptomycin has 
worked as effectively in reinfections and relapses 
due to susceptible organisms as in the initial in- 
fections treated ; this fact leads us to suspect that 
the host plays no part in the development of re- 
fractoriness of the organism. 

Clinical use of streptomycin 

In the light of these studies it would seem justifi- 
able at present to begin streptomycin therapy in 
cases of urinary tract infection as soon as gram- 
negative bacilli are demonstrated in smears or cul- 
tures, without awaiting complete identification of 
the organisms and determination of their suscepti- 
bility. As streptomycin-fast strains become more 
widely distributed, however, it would be wise to 
initiate therapy only after the determination of in 
vitro sensitivity, especially while the drug is so ex- 
pensive. 

From these studies it is impossible to say 
^ whether the concentration of streptomycin in the 
blood or that in the urine is more important. The 
arrest of cases of pyelonephritis would suggest 
that the low concentration which must be present 
in the glomerular filtrate and which probably is in 
the range of that of the blood is effective. The 
greater concentration of the drug in the urine be- 
low the kidney tubule is important, however; for 
the reduction in the number of organisms free in 
the urine will decrease the opportunity for rein- 
fection of the epithelial surface of the urinary tract. 
It is probable that the concentration of the drug 
which is of the greatest importance is that in the 
capillaries of the kidney and the mucous membrane 
of the urinary tract, where immune bodies are 
also found. 

The determination of levels of streptomycin in 
the blood or urine is probably not sufficiently useful 
to justify its use routinely. Blood and urine levels 
of the drug should be determined in cases which 
are not responding to therapy as anticipated. 

The smallest daily dose used in this study (0.15 
gram) was sufficient to maintain blood and urine 
concentrations which were found effective. Since 

0.8 gram of streptomycin was required to maintain 
with some consistency blood and urine levels of 


10 and 100 fig. per ml. respectively, this dose is 
suggested as the safe minimum for routine use. 
In view of the frequent development of fastness, 
however, we believe that 1.5 grams daily would 
be a better dose, especially in cases with complica- 
tions. Therapy should be continued for 3 days. 
If cultures are still positive, the organism is prob- 
ably fast. In a few cases cultures became negative 
after the third day, but this occurrence was not 
common. If the urine has not become sterile by 
the third, or certainly the fifth day, the continua- 
tion of therapy or the administration of a second 
course at a later time is not likely to be effective. 
If the culture is positive after the third day, it is 
probably .wise to change to some other chemo- 
therapeutic agent. 

Some factor or factors other than the type of 
bacteria involved, the susceptibility of the organ- 
ism to streptomycin, the dose of the drug adminis- 
tered, and the levels attained in the blood and urine 
are concerned in recovery ; one of these factors is 
undoubtedly the immunity of the host. Several 
patients with chronic urinary tract infections were 
found to be hypersensitive to an intradermal test 
with autogenous vaccine prepared from the strain 
of bacteria isolated before therapy was begun. 

The explanation for the decrease in pyuria and 
the symptomatic improvement which sometimes 
occurs in the presence of persistent bacilluria re- 
mains obscure. We have not been able to demon- 
strate decrease in motility or lysis of white blood 
cells in smears made on slides prepared with dried 
films of streptomycin in concentrations up to 1,000 
/xg. per ml. 

SUMMARY 

1. Streptomycin is the most effective antibiotic 
available at present for the treatment of urinary 
tract infections due to gram-negative bacilli. 

2. The susceptibility to streptomycin of different 
species of gram-negative bacilli and of various 
strains within the same species varies greatly. In 
vitro testing for susceptibility is useful before 
therapy is begun and in cases where cultures re- 
main positive after the third day. 

3. Streptomycin therapy should be continued at 
least 3 days ; if the patient has not improved after 
5 days, the organism has probably become refrac- 
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tory and further therapy is not likely to be effec- 
tive. 

4. The occurrence of bacteriologic failures in this 
series of 52 cases could not be correlated with, the 
susceptibility of the organism in vitro, the dail}' 
dose of drug, or the levels of streptomycin in blood 
and urine. 

5. Bacteriologic failures were usually due to 
the presence of a complication in the urinarj- tract ; 
in the presence of a complicating factor, the organ- 
ism rapidl}’ became streptom 3 Tin-fast. 

6. Fastness to streptomycin develops very rap- 
idl}' and to a high degree; once acquired, it is a 
permanent characteristic of the organism. 

7. The minimum recommended dose in cases 
without complications is 0.8 gram daily, given in 
6 equall}- divided intramuscular injections ever}' 


4 hours day and night ; fewer failures will probably 
be encountered with a daily dose of 1.5 grams. 
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INTRODUCTION* 

The value of blood, as contrasted with that of 
plasma or of plasma products, lies chiefly in the 
ability of its erythrocytes to perform their oxygen- 
carrjdng function in the circulation of the recipient, 
the role of the other formed elements being con- 
sidered relatively unimportant. Studies on the 
storage of whole blood therefore are pritnarily 
concerned with the problem of optimal preserva- 
tion of erythrocj-tes. Improvements of preserva- 
tive technique are dependent upon reliable and 
practical testing procedures of the post-transfusion 
survival of erythrocytes. While the ability of 
erythrocytes to survdve in the circulation of the 
recipient, as determined by direct measurement, re- 
mains the final criterion of the value of any method 
of preservation, the laboriousness of the methods 
available created the need for preliminary testing 
procedures which could be applied for screening 
of new preservative solutions before these are 
submitted to definitive testing in a direct manner. 
Repeated attempts have been made to use physical, 
osmotic, and chemical properties of stored blood 
m vitro as a guide in the appraisal of preservative 
methods. A short review of the existing informa- 
tion is indicated. 

Review of the literature 

The occurrence of hemolysis in stored blood 
was noted by the earliest obsen^ers and has be- 
come the most widely used in vitro test of preserva- 
tion of blood. The retarding effect of glucose on 
the appearance of hemolysis was reported by Rous 
and Turner ( 1 ) and has been confirmed repeatedly. 

^ The work described in this paper was done under a 
contract, recommended by the Committee on Medical Re- 
search, between the Office of Scientific Research and De- 
\elopment and the Children’s Hospital of Cincinnati. 


High concentrations of sucrose and dextrin (2 to 
4) , and decrease in blood pH (2, 4 to 6) , have been 
shown to have similar effects. Some authors have 
used spontaneous hemolysis as a decisive criterion 
of the preservation of stored blood (7 to 9), while 
others have stressed the variabilit}* of this criterion 
and have emphasized the fallaciousness of conclu- 
sions based on its use (4, 5, 10) . Particularly mis- 
leading results have been obtained witli bloods 
preserved in electroljde-poor carbohydrate-rich 
media, where the observed hemolysis after pro- 
longed storage was incongruently slight when com^ 
pared with the state of the cells determined by their 
survival in vivo. , Some observers have stressed 
the “negative” value of the test as means of exclud- 
ing rather than selecting preseri'ative solutions (4, 
11 ). 

Changes in fragility of the erjlhrocj’tes also, at- 
tracted early, attention. A progressive increase of 
osmotic fragility, was noted in bloods stored in 
media isotonic with respect to electrol)*tes ( 1 to 6, 
9 to 15) . The addition of glucose in small amounts 
slows the progressive increase of fragility during 
storage (1 to 6, 9 to 14, 16, 17). Decrease of blood 
pH has a qualitatively similar but less pronounced 
effect (2, 4 to 6) . In electrol 3 *te-poor media, fra- 
gility is often altered peculiarly, depending on the 
character of the preseiwative fluid. In De Gowin’s 
or Rous-Turner solutions there is noted earty an 
increased fragility which may revert to normal if 
the cells are washed free of excess glucose (4, 7, 
10). In solutions of sucrose, dextrins, or com 
syrup, substances which do not permeate the 
er^-throcytic membrane, the cells exhibit an exceed- 
ingty low fragility, which does not change in a uni- 
form manner during storage (1, 2, 4, 7, 10). 

A gradual increase of varj-ing degree in the 
corpuscular volume of eiythroc^-tes in nearl\--iso- 
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tonic media has been described by most earlier 
observers. In electrolyte-poor media variable al- 
terations have been found; while cells in Rous- 
Turner’s and De Gowin’s solution increase pro- 
gressively to almost hemolytic (bursting) volumes, 
they swell only transiently and to a minor degree 
or may even shrink in solutions which contain dex- 
trin, sucrose or other non-permeating carbohy- 
drates (2, 4, 11, 17). Changes in shape and sur- 
face of erythrocytes during storage have been 
described (18, 19), the cells becoming more sphe- 
roidal in shape, and crenated. The increase in the 
mechanical fragility of erythrocytes during storage 
apparently bears no constant relationship to os- 
motic fragility, spontaneous hemolysis, or survival 
in vivo (1, 4, 7, 9). 

Among the chemical properties of stored blood, 
changes of pH have been determined (4, 6, 20). 
Unfortunately most measurements have been car- 
ried out at a temperature far removed from 
that in the refrigerator or in the body and are 
therefore not easily related to actual conditions of 
use. It has been found that in general the pH of 
blood decreases during storage because of glycoly- 
sis with lactic acid formation. Liberation of am- 
monia (2, 21 to 23) and the exchange of potassium 
and sodium across the cellular membrane (2, 19, 
20, 24 to 27) soon after blood is drawn have been 
noted by several workers. These changes appear 
to be somewhat retarded at lower blood pH values 
(19, 25). The alteration in the distribution of 
sodium and potassium in the cell seems reversible 
j« vivo following transfusion of the stored blood 
(28). 

Changes in the phosphorus distribution have also 
attracted the attention of some observers (2, 6, 11, 
29, 30), who found that during storage the or- 
ganic acid-soluble phosphorus of the erythrocytes 
decreased in concentration while the inorganic 
phosphorus rose. Because of the slowness of the 
outward diffusion great differences between cells 
and plasma . in the concentration of inorganic 
phosphorus occurred. An association between the 
changes of the organic acid-soluble phosphorus, 
in particular the easily-hydrolyzable fraction, and 
preservability of the cells was indicated by the 
data (29, 30), although the observers emphasized 
that parallelism between the chemical change and 
survival in vivo was by no means perfect (11). 
Among other chemical constituents mention should 


be made of hemoglobin. Present evidence indi- 
cates that over long periods of storage hemoglobin 
maintains its oxygen-carrying capacity and that 
the rate of reaction between hemoglobin and oxy- 
gen is unimpaired (12, 31). 

As can be seen from the summary of the infor- 
mation existing at present, the attempts to utilize 
in vitro changes as a measure of tlie behavior of 
the blood cells in the circulation of the recipient 
have led to results contradictory and disappointing 
to most observers. While some workers have un- 
qualifiedly used in vitro tests as indices of preser- 
vation of blood on the assumption, either voiced or 
obviously implied, that these measurements re- 
flected the behavior of the erythrocytes in the re- 
cipient’s circulation (3, 7 to 9, 15), others, in par- 
ticular those observers who used preservative 
solutions of high carbohydrate content, came to the 
conclusion that in vitro testing was worthless as a 
measure of survival of erythrocytes (4, 10, 11). 

Plan of study 

The study to be reported was undertaken on 
the basic assumption that the erythrocyte con- 
stitutes a functional unit and that therefore its 
physical and chemical properties are interrelated 
and dependent on the metabolic activity of the cell.' 
Therefore, one would expect to find a close cor- 
respondence between suitably selected and meas- 
ured physical, osmotic, and chemical indices of 
the cell, on the one hand, and the ability of erythro- 
cytes to survive iq the body of the, recipient on the 
other. It was hoped that comprehensive and in- 
tegrated information on the behavior of erythro- 
cytes during storage might provide the basis for 
reliable in vitro testing procedures and for im- 
provements of preservative technique in the light 
of a deeper insight into the deteriorative processes 
during storage. With this concept in mind a va- 
riety of measurements were carried out simultane- 
ously and seriatim on samples of stored blood, in- 
cluding the dimensions of the erythrocytes, their 
osmotic behavior, and several chemical constitu- 
ents. In the chemical studies, emphasis was put 
on the measurement of glycolysing ability of the 
cells and of correlated changes in the acid-soluble 
phosphorus compounds. This emphasis was based 
on the consideration that glycolysis is the main 
metabolic activity of red cells and is closely re- 
lated to their acid-soluble phosphorus compounds. 
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III addition, studies of the changes of sodium and 
potassium were carried out. Recognizing that the 
behavior of blood cells in electrolyte-poor media 
may be qualitatively different from that observed 
in solutions near isotonicity with respect to electro- 
lytes, it was decided to limit the first study to a 
comparison of the behavior of blood stored in 3 
solutions, representative of the main types of 
nearly-isotonic presen'Etives in practical use at 
present. 

Composition of preservative solutions 

The solutions studied were: (I) simple citrate 
solution, (2) a neutral citrate-glucose solution 

TABLE I 


Composition of preservative solutions 


Mixture 

Na 

cit- 

rate* 

Citric 

acid* 

Glu- 

cose* 

pH 

Vol- 
ume 
added 
i to 
100 
ml. of 
blood 

1 

1. Citrate 

crams 

per 

100 

ml, 

3.20 

grams 

per 

100 

ml. 

grams 
Per 
WO \ 
ml, \ 

1 

(7.5)** 

ml, 

10 

2. Citrate-glucosef 

2.13 

0.47 

5.0 

(7.5)** 

15 

5. Acid citrate-glucoset 
(ACD-I) 

1.33 

3.0 

5.03 

25 


* Tri-sodium citrate -2^110, citric acid -HjO, glucose 
anhydrous. 

** The pH values of these vreakly buffered solutions, 
owing to their dependence on minor extraneous influences, 
are given in parentheses. 

f In preparing the neutral citrate-glucose solution, sterile 
glucose solution was added aseptically to a sterilized bottle 
containing the sodium citrate solution, since heating of 
glucose with neutral citrate results in caramelization to a 
considerable degree. The acid citrate-glucose mixture 
(-'^CD-I), identical with that reported by Loutit (6), was 
sterilized for 30 minutes at 20 lbs. pressure in a steam 
autoclave, with minimal signs of discoloration. 

containing glucose in a sufficient amount to raise 
the level in stored blood by 0.6 gram per 100 ml., 
and (J) a citrate-glucose mixture acidified by the 
addition of citric acid originally used by Loutit 
•and Mollison (6, 32). The solutions were added 
in 15-, 20-, and 25-ml. amounts respectively, to 100 
ml. of blood. For the last mixture, in this paper 
the term ACD-I (an abbreviation of acid citrate- 
dextrose), which has gained currency in the 
United States, will be used interchangeably with 
acid citrate-glucose. Table I summarizes the es- 
sential data concerning the preserv-ative solutions 


used. As indicated in the table, the first 2 mix- 
tures are approximately neutral, although it must 
be remembered that the pH values of such weakly 
buffered solutions are largely dependent on minor 
extraneous influences. The pH value of 5.03 for 
the acid preservative, which corresponds in com- 
position to a solution of disodium citrate, may be 
predicted from the molar ratios of sodium citrate 
and citric acid present in it, on the basis of the 
known pK' values of the 3 acid groups of citric 
acid. When this solution is added to blood, only 
the citric acid significantly affects the pH of blood, 
since at the pH range prevailing in blood, tri- 
sodium citrate has an insignificant buffering power. 


TABLE n 

Citrate, glucose and acid increments in blood after mixture 
with preservative solutions 


Solution 

Citrate 

1 

Glucose 

increment 

Acid 

increment 

Blood 

Plasma* 


m.M. per 

mM, per 

grams per 

meq. Per 


liUr 

liter 

100 ml. 

tiler 

Citrate 

10 

17 

0 

0 

Citrate-glucose 

11 

19 

0.65 

0 

Acid citrate- 





glucose 

13 

21 

0.60 

16.5 


_ * The values were calculated on the assumption that 
citrate-ion does not permeate the cell-membrane, with an 
assumed volume of packed cells in blood of 45 per cent. 
Water shifts between cells and plasma were neglected. 

In Table II are presented the calculated incre- 
ments of citrate, glucose, and acid resulting in 
blood from mixing wdth the preserv-ative solutions. 
In the first column is listed the citrate concentra- 
tion in blood ; in the next is recorded the more sig- 
nificant value of citrate in the supernatant plasma, 
calculated on the basis of the well substantiated 
assumption that the cell membrane is impermeable 
to citrate ions. The values listed are in excess of 
those required to suppress the effect of calcium ion 
on clotting, calculated by Maizels to be 10 meq. 
per liter (33). In the next column are given 
the calculated increments of glucose in blood. It 
may be seen that the 2 glucose-containing preser- 
vatives are like each other in this respect. In the 
last column is listed the amount of acid added to 
blood with the acid preservative solution. This 
amount would produce a shift in the blood pH of 
about 0.5 unit if no bicarbonate were displaced — 
a condition which undoubtedly does not prevail. 
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Actually, as described in a later section dealing 
with pH change during storage, the pH of blood 
was initially shifted by about 0.3 pH unit. The 
osmotic properties of the preservative solutions 
and their calculated and observed effects on blood 
are dealt with in a later section concerning the 
osmotic behavior of erythrocytes. 

HANDLING OF THE BLOOD AND METHODS USED 

For serial sampling, 100-ml. amounts of blood were 
drawn aseptically into bottles containing appropriate 
amounts of the preservative solution being tested. After 
mixing, 20-ml. portions of the blood were distributed into 


vials of 30-ml. capacity, similar in shape to the standard 
blood bank bottles. The blood samples were then placed 
in a refrigerator maintained at 4° C. At suitable inter- 
vals individual vials were removed for analysis. For the 
study of the behavior of blood under routine conditions, 
samples were procured from the blood bank of the Cin- 
cinnati General Hospital, where they had been drawn 
from donors acceptable by the standards of the blood bank, 
but otherwise unselected, and stored at 4° C. For testing, 
the bloods were transported to the laboratory under suit- 
able precautions and sampled within 20 minutes after re- 
moval from storage. 

The methods used in this laboratory for the determina- 
tion of the dimensions and of the osmotic behavior of the 






Fig. 1. Dimensional Changes of Erythrocytes of Bloods Stored in Citrate, Citrate-Glucose, and Acid 

Citrate-Glucose Solutions 
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cells have been described previously (34). The chemical 
methods generally used excepting those for the determina- 
tion of lactic acid and sugar have also been reported (35). 
The blood sugar was determined by the method of Nel- 
son (36), and lactic acid by a slightly modified aeration- 
titration method of Friedemann ct al (37). Reference to 
special methods is made in following sections, where re- 
sults obtained by their use are discussed. 

DIMENSIONAL CHANGES 

Changes of the diameter of the cells and their 
thickness, calculated from the diameter and vol- 
ume on the assumption of a disc-shape (34), are 
presented in Figure 1. (See also columns 1 and 2 
of Tables III to V.) It may be seen that in all 
instances tlie diameter decreased while the thick- 
ness increased. This process is illustrated b)' the 
changes in the diameter to thickness ratio which 
fell from values as high as 4.1 to 2.0 during stor- 
age. The mean corpuscular volume of the cells 
(see column 3 of Tables III to V) rose by about 
10 per cent during storage from values close to 
the normal in both neutral media while it did not 
change significantly in acid citrate-glucose solution 
beyond the initial rise to 115 per cent of normal. 
The mean surface area of the red cells (see col- 
umn 4 of Tables III to V), also calculated on the 
assiunption of a disc-shape, decreased. 


TABLE m 

Mean dimensions and maximal volumes of erythrocytes of 
blood stored in sodium citrate 


Sub- 

ject 

Stor- 

age 

pe- 

riod 

Diam- 

eter 

Thick- 

ness 

Vol- 

ume 

Sur- 

face 

area 

Calcu- 
lated 
volume of 
a sphere 
with 
same 
surface 
area 

Ob- 
served 
maxi- 
mum 
vol- 
ume of 
cells 

Tonicity 
at which 
maxi- 
mum 
volume 
occurred 

J,.L. 

rfayj 

fi 


/'• 


m' 

fA 

Per ant 

Naa 

1 

7.8 

1.82 

87 

140 

156 

159 

0.52-0.47 


3 

7.7 

1.80 

84 

137 

151 

158 

032-0.47 


5 

7.7 

1.85 

£6 

13S 

152 

161 

032-0.47 


S 

’ /.5 

1.90 

84 

133 

144 

150 

035-0,47 



7.2 

2J1 

90 

131 

141 

148 

0.60-0.47 


13 

6.4 

2.86 

92 

122 

127 

140 

0,60-0,47 


16 

63 

2.95 

92 

121 

125 

120 

0.80-030 



63 

3.08 

96 

12,3 

128 

119 

0.85-035 


23 

63 

3.08 

96 

123 

128 

106 

0.90-0.65 

S.R. 

0* 

7.6 

1.92 

87 

137 

151 





7.6 

1.86 

85 

135 

147 

159 

030-0.47 



V3 

1.93 

85 

134 

146 

151 

0A5-O.47 


12 

7.2 

2.12 

£6 

129 

138 

151 

OJS-OJO 


6.9 

237 

89 

126 

133 

129 

0.65-032 


22 

6.4 

2.80 

90 

121 

125 

114 

O.SO-032 


6.2 

3.07 

93 

120 

123 

113 

0.9O-OJ2 

E.F. 

0* 

1 

73 

1.97 

94 

137 

151 




7.7 

1.97 

92 

141 

157 

170 

032-0.45 


U 

18 

#3 

2.12 

94 

138 

152 

169 

035-0.47 


6.4 

3,07 

97 

126 

133 

127 

0.70-032 

■ 

0.1 

332 

100 

120 

123 

124 

0.90-0.70 


* Blood sample in heparin. 


TABLE rv 


Mean dimensions and maximal volumes of erythrocytes of 
blood stored in citrate-glucose mixture 


Sub- 

ject 

Stor- 

age 

nod 

Diam- 

eter 

Thick- 

ness 

Vol- 

ume 

Sur- 

face 

area 

Calcu- 
lated 
volume of 
a sphere 
with 
same 
surface 
area 

Ob- 
served 
maxi- 
mum 
vol- 
ume of 
cells 

Tonidty 
at which 
maxi- 
mum 
volume 
occurred 









per ant 


days 







NaCl 

S.R. 

0* 

7.6 

1.92 

87 

137 

ISI 




2 

7.4 

2.03 

88 

133 

144 

149 

0.55-4}.47 


5 

7.4 

2.07 

89 

134 

146 

150 

0.55-0.47 


8 

7.4 

2.11 

91 

135 

147 

153 

0.55-4) .50 


13 

73 

2.22 

93 

135 

147 

152 

0.55-0.52 


18 

7.1 

2.36 

94 

132 

143 

141 

0.60-0.52 


23 

6.7 

2.66 

94 

129 

138 

130 

0.70-0.52 


28 

6.6 

2.80 

96 

126 

133 

135 

0.75-0.55 

E.F. 

0* 

7.8 

1.97 

94 

144 

162 




2 

7.6 

2.10 

9S 

141 

157 

162 

0.55-0.47 


5 

7.4 

2J16 

97 

139 

154 

144 

0A5-O.50 


12 

73 

2.41 

101 

139 

154 

144 

0.65-0.52 


19 

6.9 

2.6S 

100 

133 

144 

134 

0.70-0.55 


26 

63 

2.98 

99 

127 

134 

129 

0.85-0.60 


32 

6.2 

331 

100 

12S 

131 

124 

0.90-0.60 

D.B. 

0* 

7.6 

2.03 

92 

139 

154 




2 

7.4 

2.09 

90 

135 

147 

149 

0.55-0.50 


8 

7.2 

2.28 

93 

133 

144 

148 

0J5-0.47 


14 

7.0 

2.46 

95 

131 

141 

144 

0.6O-0J2 


21 

6.7 

2.72 

96 

128 

136 

133 

0.7O-OJS 


33 

6.2 

3.40 

103 

127 

134 

131 

0.75-0.60 


42 

S.9 

3.70 

101 

123 

128 

127 

0.90-0.65 


* Blood sample in heparin. 


TABLE V 


Mean dimensions and maximal volumes of erythrocytes Oj 
blood stored in acid citrate-glucose mixture I 


Sub- 

ject 

Stor- 

age 

pe- 

riod 

Diam- 

eter 

Thick- 

ness 

Vol- 

ume 

Sur- 

face 

area 

Calcu- 
lated 
volume of 
a sphere 
with 
same 
surface 
area 

Ob- 
served 
maxi- 
mum 
vol- 
ume ol 
cells 

Tonidty 
at which 
maxi- 
mum 
volume 
occurred 


days 


P 

p* 


(A 

p' 

per ant 
NaCl 

S.R. 

G* 

7.6 

1.92 

87 

137 

ISl 




0 

7.4 

236 

97 

140 

156 

154 

0.52-0.50 


3 

7.4 

2.24 

97 

138 

1S2 

157 

0.52-0.50 


6 

7.4 

2.21 

95 

137 

151 

158 

0.52-0.50 


11 

7.4 

2.26 

97 

139 

154 

151 

0J5-<IJ2 


16 

7-3 

232 

97 

137 

151 

147 

0.60-0.52 


21 

7.1 

2.47 

98 

1.34 

146 

145 

0.6O-O.S2 


26 

7.0 

2.51 

97 

132 

143 

146 

0.60-0.52 


31 

6.9 

239 

97 

131 

141 

137 

0.65-0.55 


38 

6.6 

2.78 

95 

126 

133 

139 

0.70-0.52 

E.F. 

0* 

7.8 

1.97 

94 

144 

162 




0 

7.6 

236 

107 

147 

167 

164 ■ 

O.SS-O.SO 


3 

7.5 

2.44 

lOS 

145 

164 

163 

0.55-0.52 


10 

73 

2.57 

lOS 

143 

161 

162 

0.55 


17 

73 

2.60 

106 

140 

156 

141 

0.65-0 .52 


24 

7.1 

2.70 

107 

139 

154 

144 

0.70-0.52 


31 

6.9 

232 

105 

136 

149 

138 

0.75-0 .52 


38 

6.7 

3.06 

lOS 

135 

147 

134 

0.75-0.55 


46 

6.4 

339 

106 

130 

139 

125 

0.9(M).65 

D.B. 

0* 

7.6 

2.03 

92 

139 

154 




1 

73 

239 

100 

139 

154 

150 

OAS-OJ2 


7 

7.1 

2.49 

98 

135 

147 

149 

0J5-032 


13 

7.1 

236 

101 

136 

149 

145 

0.5 5-0 .52 


20 

7.0 

2.60 

100 

134 

146 

144 

0.6CM).S2 


32 

6.7 

233 

100 

131 

141 

135 

0.70-0.55 


41 

6.7 

237 

101 

131 

141 

137 

0.75-0.52 


* Blood sample in heparin. 
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A comparison of the 3 preservatives with re- 
gard to the dimensions of the erythrocytes indi- 
cates that at the outset the cells of citrated blood 
were slightly shrunken and flatter, those of blood 
in acid citrate-glucose somewhat swollen and 
rounder, and those in citrate-glucose of about the 
same shape and size as were the cells of heparin- 
ized samples. During storage the values for di- 
ameter and thickness increasingly approached 
each other with resulting increased “roundness”- 
of the cells. The pattern of change, with its char- 
acteristic sigmoid-shaped time curve, was essenti- 
ally the same in all preservatives as was the final 
form attained by the cells. The behavior of the 
red cells in the 3 preservatives differed primarily in 
the length of time required for the dimensional al- 
terations to run their course. For instance, while 
the cells in citrate required 10 days on the average 
to reach a diameter of less than 6.6 and a thickness 
of more than 2.8 micra, cells in citrate-glucose 
assumed a comparable shape in about 25 days and 
those in acid citrate-glucose, in about 35 days. 
The differences in the rates of dimensional change 
are illustrated more clearly in Figure 2, in which 



Fig. 2. Average Increase in Mean Thickness of 
Erythrocytes Stored in 3 Preservative Solutions 


the 3 preservatives are compared with respect to 
the average increase in thickness of the erythro- 
cytes above the initial value. A similar order is 
oberved in the changes in the calculated surface 
area. 

The calculated decrease in the mean surface area 
of the cells during storage may be explained as 
follows: if the assumption is accepted that the 
mean surface area of a given cell population is 
constant, as suggested by several observers, the 
calculated decrease of the area might be apparent 
only; the hypothesis may be then advanced that 


an interrelation exists between the calculated 
change in surface area and the microscopically 
visible crenation ; going one step further, one may 
assume that the extent of the calculated alteration 
in the surface area is a reflection, perhaps even a 
quantitative measure, of the degree of crenation of 
the erythrocytes. 

The alterations in the dimensions of the red cell 
during storage may be interpreted as manifesta- 
tions of increasing deterioration of the cell form, 
resulting in increasing roundness of the cell, or 
more exactly, in closer approximation of all cell 
diameters. In this process the cell is changed in 
form from a biconcave disc to the shape of a 
wrinkled bag. The “S”-shaped pattern pf change 
with time in the dimensions of the cell, character- 
istic of phenomena of biological growth and decay, 
would indicate a relationship between the dimen- 
sional and functional state of the cell. 

The alterations in the corpuscular, volume of 
the cells, initially and during storage, will be dis- 
cussed in detail in the following section. They ap- 
pear to be determined primarily by changes in the 
osmotic relationships and by shifts of the pH in 
cells and plasma. Here, it may be pointed out 
that the disproportion between the increasing ap- 
proximation of all cell diameters and the change of 
the cellular volume, seems at least partly to ac- 
count for the crenation of stored erythrocytes. 

OSMOTIC CHANGES 

In Figures 3, 4 and 5 are presented data on the 
percentage of erythrocytes hemolyzed in varjdng 
concentrations of sodium chloride. The data for 
hemolysis in 0.9 per cent sodium chloride solution, 
while not a direct measure of true “spontaneous” 
hemolysis, i.e., of the amount of hemoglobin re- 
leased in the supernatant plasma, are comparable 
to the amounts measured in the plasma after mix- 
ing and centrifugation of stored blood. The he- 
molysis curves are presented as plots of percentage 
of cells hemolyzed in different concentrations of 
sodium chloride at any given time and as time 
curves for any given concentration of sodium 
chloride. Also included in the presentation are 
combined data on several bloods in 0.6 per cent 
sodium chloride solution, chosen as representative 
of the osmotic behavior of the erythrocytes. 

In comparing the 3 preservatives with respect 
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Fig. 4. Osmotic Hemolysis of Erythrocytes of Bloods Stored in Neutral Citrate-Glucose Solutions 
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Osmotic Hemolysis of Erythrocytes of Bloods Stored in Acid Citrate-Glucose Solution 
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to hemolysis in 0.9 per cent NaCl solution, it is 
evident that significant degrees of hemolysis were 
observed earliest and that hemolysis increased at 
the most rapid rate in simple citrate solution, while 
it was latest and slowest to increase in acid citrate- 
glucose. 

From an inspection of the hernolysis curves it is 
apparent that, from being closely similar for all 
3 preservatives at the outset, they changed during 
prolonged storage at different rates. The earliest 
and most rapid change occurred in the citrate and 
the slowest, in the acid citrate-glucose solution. 
An examination of the time curves of hemolysis 
in different hypotonic salt solutions, which lend 
themselves better for comparison, indicates that 
the 3 preservatives arrange themselves in the same 
order with respect to osmotic hemolysis as they did 
with regard to dimensional changes and hemolysis 
in 0.9 per cent NaCl solution. 

It should be pointed out that the usual qualita- 
tive way of measuring fragility — noting only the 
points of beginning and of completed hemolysis — 
would have resulted in a highly misleading picture 
of the changes occurring, owing to the fact that a 
small proportion of the cells showed greatly in- 
creased fragility after a few days of storage, thus 
shifting the point of beginning hemolysis to a con- 
siderable extent, while the bulk of the erythrocytes 
was affected at a much later date. This considera- 
tion is of particular importance in the study of 
bloods collected in glucose-containing preservative 
solutions, where a minute fraction, less than 1.0 
per cent, of the cells exhibited greatly increased 
fragility immediately following the collection of 
the blood, causing a shift in the point of beginning 
hemolysis to NaCl concentrations of 0.7 per cent 
or higher. 

The data on hemolysis on 0.9 per cent NaCl 
solution presented here are comparable to those 
. reported by others on “spontaneous” hemolysis 
(5, 7). With respect to hemolysis in hypotonic 
salt solutions, a pattern of change similar to that 
described here was observed by those workers who 
followed the percentage hemolysis of erythrocytes 
in a given salt solution during storage (5, 17, 30). 
However, different results were reported by those 
authors who used median corpuscular jragility 
(38), that is, the tonicity of a salt solution in which 
50 per cent of erythrocytes are lysed, as a measure 
of the osmotic behavior of erythrocytes. This in- 


dex is unsatisfactory because of the fact that great 
differences in the percentage of erythrocytes he- 
molyzed result from small variations in salt con- 
centration. The median corpuscular jragility is 
susceptible to the influence of changes in tempera- 
ture and pH and is affected by a number of minor 
variations of experimental technique (39). Work- 
ers who used this test observed marked alteration 
initially in bloods stored in various glucose-con- 
taining preservatives but noted also that this index 
changes more gradually with time in bloods pre- 
served in acid than in neutral mixtures (4) . 

From a consideration of the data here presented 
one may exclude the hypothesis that hemolysis in 
0.9 per cent NaQ solution, or so-called "spontane- 
ous” hemolysis, can be due to osmotic factors. 
During storage the cells swell only by 10 per cent, 
far below their critical volume; and there is no 
relation apparent between the extent of the in- 
crease in volume and the degree of hemolysis. 
Other circumstances, such as lytic factors in the 
plasma, may account for the hemolysis of stored 
erythrocytes in nearly-isotonic media. The fact 
that spontaneous hemolysis increased with the pe- 
riod of storage may be explained on the assump- 
tion that the presumed lytic factors affected deteri- 
orated cells only. If such were the case, the degree 
of spontaneous hemolysis would represent a meas- 
ure of the degenerative processes taking place in 
the cells, affecting perhaps primarily the cell 
membrane. 

Critical volume of hemolysis: Additional infor- 
mation concerning the process of osmotic hemoly- 
sis can be gathered from a comparison of expected 
and observed maximal (critical) volumes of the 
cells. The calculation of this cell characteristic is 
based on 2 assumptions: (f) that the cell mem- 
brane cannot be stretched, so that the mean sur- 
face area is constant for a given cell population, 
and (2) that the cells are capable of reaching the 
shape of a perfect sphere. Granted these assump- 
tions, a cell could reach a maximal volume equal 
to that of a sphere possessing the same mean sur- 
face area. This point, the critical volume, would 
coincide with the beginning of hemolysis. Avail- 
able data generally are in good agreement with this 
theory. 

In column 5 of Tables III to V are tabulated for 
citrated blood the maximal volumes after various 
periods of storage, calculated on the basis of the 
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corresponding values for the surface area. It can 
be seen tliat during storage both observed and cal- 
culated maximal volumes, while agreeing reason- 
ably well with each other, decreased from the initial 
values. 

The tonicity of the salt solution at which maxi- 
mum swelling occurred is tabulated in column 7 of 
Tables III to V. With increasing time of storage, 
maximal swelling took place at increasingly high 
concentrations of NaCl solution. The zone of 
maximal swelling which may be defined within 
narrow limits in fresh blood, became less clearly 
delimited and broader. On examining the data 
on the osmometric behavior as well as on the maxi- 
mal voliunes of the cells after extended periods of 
storage it should be remembered that they are not 
representative of the state of the cell population 
as a whole since they are descriptive only of cells 
remaining unhemolyzed, which by then may con- 
stitute half or less of the total cell population. In 
a comparison with respect to change in maximal 
volume of the erythrocytes, the 3 preservatives 
range themselves in the same order and at closely 
similar intervals, as they did in the preceding com- 
parisons. 

Two interpretations of the changes in the maxi- 
mal volume during storage and of the coincidence 
of the calculated and observed figures may be 
offered: (I), that the surface area actually de- 
creased during storage, with corresponding actual 
change in the maximal volume attainable by the 
cells and (2) , that the apparent decrease of the sur- 
face area parallels in extent only the degree of 
crenation of the erythroc 3 n:es ; in that case, the ex- 
pected maximal volume should have remained the 
same throughout the storage period. The coinci- 
dence of the observed maximal volumes with the 
expected ones calculated on the basis of the ap- 
parent decrease of the surface area might be ex- 
plained as a reflection of the loss of elasticity of 
the cell membrane, perhaps of its inability to un- 
fold completely to an uncrenated form. 

A comparison of hemolysis and volume change 
of the erythrocytes in h 3 'potonic salt solutions with 
their maximal critical volumes suggests that dur- 
ing storage the eiy^throcytes became hemolyzed 
at volumes increasingly far below their calculated 
critical volumes. This behavior may signifj’ that 
the cells, possiblj' owing to progressive deteriora- 


tion of the elastic properties of the ceU membrane, 
hemolyze before attaining the spherical shape. 

In general, the osmotic properties of the erythro- 
cytes suggest the conclusion that the functional 
state of the cell, perhaps more specifically that of 
the cell membrane, during storage becomes the 
limiting factor determining its behavior rather than 
the osmotic relationships betiveen the cell and its 
surrounding medium. 

Corpuscular volume: In the following, changes 
in the corpuscular volume of erythrocytes during 
storage will be considered from the standpoint of 
the osmotic relationships obtaining in blood. The 
discussion will deal with this problem tmder 2 
headings: (J) the initial changes, calculated and 
observed, produced by the addition of preserva- 
tives and (2) the changes occurring during storage. 
In considering the first point, it may be useful to 
list the osmotic properties of the preservative solu- 
tions employed and their calculated effect on the 
electrolyte and osmotic concentration of blood. 
As may be seen from Table VI, the solutions var- 

TABLE vr 


Osmolarily of preservative solutions and resulting changes in 
the osmotic and electrolyte concentration of blood 


Solution 

■ Cit- 
rate 

! 

Cit- 1 
rate- 1 
glu- 
cose 

Add 

dt- 

rate- 

glu- 

cose 

Sodium citrate, mif. per liter 

109 

73 

4S 

Sodium citrate, m. orm, per liter 

436 

292 

181 

Citric acid, m. osm, per liter 

Glucose, m. osm, per liter 


27S 

22 

167 

Total osTuolarity of solution, m. osm* Per liter 

436 

S70 

370 

Total osmolarity of solution, per cent of initial 
blood tonicity 

141 

184 

119 

Effecliv’e tonicity,* m. osm* per liter 

436 

292 

: 203 

Effective tonicity, per cent of blood tonicity 

141 

94 

1 66 

Osmolarity of blood after mbdng.t w. osm. per 

liter 

324 

351 

324 

Osmolarity of blood after mixing, per cent of 

initial 

104 

113 

i 

; 104 

Electrolyte concentration of blood after mixing, 
per cent of initial j 

104 

99 

92 


* As effective tonldty is designated, this is the osmotic 
concentration of substances which pemieate the cell- 
membrane very slowly, if at all. In this instance its value 
was calculated on the assumption that the electrolytes, but 
not glucose, conform to this condition. 

t Calculated on the basis of an initial concentration of 
310 milliosmols per liter of water in blood, and of a water 
content of 0.80 gram per gram of blood. 

ied considerably among themselves with respect 
to their composition : simple citrate preservative is 
a hypertonic solution with respect to total solutes 
as well as electrolytes, while citrate-glucose, al- 
though osmotically more concentrated, is actually 
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almost isotonic with blood in terms of effective 
tonicity, owing to the permeability of the cellular 
membrane to glucose. Acid citrate-glucose solu- 
tion, which also contains a higher concentration 
of solutes than blood, is hypotonic with respect to 
its electrolyte content. The changes in the osmotic 
and electrolyte concentration of blood, listed in the 
same table, were calculated on the basis of an as- 
sumed initial water content of 0.80 gram per gram 
of blood, and an osmolarity of 310 milliosmols per 
liter of water in blood. In the first 2 columns of 
Table VII are listed observations on the corpuscu- 

TABLE VII 

Change in corpuscular volume during storage 
The results represent the mean value, together with the 
standard error of the mean. 




Cells in own plasma 

Volume 

Solution 

Storage 

period 

Corpus- 

cular 

volume 

Corpus- 

cular 

hemo- 

globin 

concen- 

tration 

of 

packed 
cells 
in 0.9 
per cent 
NaCl 


days 

per cent 
of 

Per cent 
of 

per cent 
of volume 

Citrate 

0 

“normar**! 

97.6=h0,6 

”norntaV** 

104.0±0.4 

in plasma 
111.7±1.4 


20-30 

104.3 ±0.9 

95 .9 ±0.9 

122.1±1.5 

! 

Per cent change 
from initiai 
value 

±0.9 

-7.8 ±0.9 

+9 .4 ±1.5 

Citrate- 

' 0 

99.3 ±1.2 

101.2 ±0.5 

111.0±1.2 

glucose 

20-30 

106.0±1.0 

93.6 ±0.6 

117.4±1.0 

Per cent change 
from initial 
value 

+6.7 ±1.0 

-7.5 ±0.6 

+5.8±1.0 

Acid citrate- 

0 

113.0 ±0.3 

89.3 ±0.7 

100.0 ±0.4 

glucose 

20-40 

113.0 ±0.3 

89.3 ±0.7 

108.5 ±0.4 

Per cent change 
from initial 
value 

0.0 ±0.3 

0.0 ±0.3 

+8.5 ±0.4 


* The values in heparinized blood samples have been 
designated as “normal.” 


lar volume and on the cellular concentration of 
hemoglobin, expressed as percentage of simultane- 
ously determined values on heparinized blood sam- 
ples. It may be seen that the initial values for the 
corpuscular volume and the hemoglobin concen- 
tration of erythrocytes in both neutral preserva- 
tives agreed reasonably well with the predicted 
values, while the cells in the acid preservative were 
considerably more swollen. This difference is 
largely accounted for in terms of the Donnan 
theory by the additional effect of lowering of pH 
on the corpuscular volume of the cells. By the use 
of equations descriptive of the distribution of water 
between cells and plasma (40), acidification per se 


may be calculated to produce an increase in the 
corpuscular volume of erythrocytes of about 6 per 
cent.- While many of the values adopted for the 
calculation are approximations and while several 
factors have been neglected, it may be justifiably 
assumed that the variable of major importance is 
the ionic equivalenc}' of hemoglobin which is de- 
termined by the value of cell pH. The cumulative 
effects of the changes in osmolarity and pH of 
blood in acid citrate-glucose solution would re- 
sult in an increase of the corpuscular volume of 
erythrocytes of about 14 per cent, a value in good 
agreement with the observed one. 


-The theoretical changes in the water content of the 
plasma may be calculated by means of equations 23 and 24 
of Van Slyke, Wu and McLean (40). 


(23) (H,0). = (H,0). X - % 7 ). + (flt) 

fo.x /XT ot = m V 2(g), - (BP), -h jHb) 

(24) (HsO), (H.O)^ X ^ 


in which the parentheses denote units of substance per 
unit of whole blood, and the subscripts, s, c, b refer to 
plasma, cells, and whole blood, respectively. B, P, and 
Hb refer to the sum of cations, the non-diffusible anions, 
and the osmolarity of hemoglobin, respectively. The fol- 
lowing assumptions and substitutions were used, in apply- 
ing this equation: It was assumed that all factors except 
for (BP)c, by which the equivalency of the non-diffusible 
anions in the red cells is designated, did not change on 
acidification. A numerical value of 0.84 gram per ml. was 
assigned to (HsO)^, the water content of whole blood. 
An initial cell volume of 36 per cent was assumed. To 
(B)t., the total cations of whole blood, a value of 138 
meq. per liter was assigned, and to (B). the cations of 
serum, a value of 93 meq. per liter'. To (BP)„ the ionic 
equivalency of the serum proteins, a value of 10 was given, 
on the basis of an assumed protein concentration of 7 
grams per 100 ml. of plasma. For the hemoglobin por- 
tion of {BP)c, an initial value of 16 was calculated on 
the basis of an assumed hemoglobin concentration of S mM. 
per liter, a cell pH of 7.20, and an iso-ionic point of re- 
duced hemoglobin of 6.81 at 38° C. For the buffering 
power the value, of Adair (41), 9.2 meq. per mol. of 
hemoglobin was adopted. The ionic equivalency of hemo- 
globin after acidification of the blood to pH values be- 
tween 6.9 and 7.0 in the plasma was taken as zero, on the 
assumption of a cell pH at the iso-ionic point of hemo- 
globin. Constant values of 14 and 9, respectively, were 
given to the ionic equivalency of the organic phosphates 
and the osmolarity of the non-diffusible anions in the cells. 
Given these assumptions, a value of 0.603 gram of plasma 
water initially and of 0.566 after acidification was calcu- 
lated. This transfer of water from the plasma to the 
cells would result in an increase of 6.0 per cent of the 
corpuscular volume of the cells. 
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During storage the corpuscular volume increased 
and the corpuscular hemoglobin concentration cor- 
respondingly decreased in bloods stored in the 
neutral solutions while tliese indices remained un- 
changed in bloods collected in the acid medium in 
which the cells from the outset had assumed an in- 
creased volume. It would appear that, in part, the 
change of the corpuscular volume in the neutral 
media during storage was due to the lowering of 
pH with a consequent shift in the distribution of 
water between cells and plasma, as predicted by 
the Donnan theor3L However, it is evident that 
other factors are also involved, since the pH in the 
initially acidified blood continued to decrease with- 
out any further change in the corpuscular volume. 
This behavior will be discussed more fully in a 
later section dealing with the changes of cations. 

Owing to the fact that during storage cations 
as well as anions permeate the cell membrane, the 
corpuscular volume of erytlirocytes in their own 
plasma cannot be taken as an indication of altera- 
tions occurring in the total osmotic concentration 
of blood. In this connection it is of interest to 
compare the volume assumed by eiqdhrocytes of 
stored blood suspended in 0.9 per cent sodium 
chloride solution with that observed in their own 
plasma. From such a comparison a rough indica- 
tion of the osmotic content of erythrocytes may be 
expected on condition that in the brief periods 
of test the cations diffuse only slowly. In .column 
3 of Table VII are recorded data on the corpuscu- 
lar volume of eiylhrocytes of stored blood sus- 
pended in 0.9 per cent sodium chloride, expressed 
as percentage of the simultaneously determined 
volume in their own plasma. It is apparent that 
even initially the volume of the erythrocytes in 
the neutral preservatives, but not in the acid one, 
exceeded the value measured in their own plasma. 
After prolonged periods of storage the difference 
between the 2 measurements increased in all 3 
preservatives. The variable initial behavior of 
erj’throcjdes in 0.9 per cent sodium chloride does 
not appear explicable by known osmotic factors. 

The explanation nearest at hand for the uni- 
forml}' increased difference between the volume of 
eiythrocytes in their own plasma and that in 0.9 
per cent sodium chloride solution during storage 
appears to be that, with time, blood becomes in- 
creasingly hypertonic witli respect to 0.9 per cent 
sodium chloride solution owing to the breakdown 


of larger molecules into smaller ones. Three proc- 
esses occurring during storage which may influ- 
ence the osmolarity of blood may be cited; (1) the 
accumulation of lactic acid, (2) the breakdown of 
organic phosphates and (3) decomposition of glu- 
tathione. These processes, detailed consideration 
of which would occupy too much space, may 
roughly be estimated to result in an increase of 
the osmolarity of blood by 5 per cent. This esti- 
mate falls below the actually observed change in 
the corpuscular volume in 0.9 per cent , sodium 
chloride solution during storage, particularly so, 
lYhen it is considered that some outward diffusion 
of solutes must take place during the brief ex- 
posures to 0.9 per cent sodium chloride solution. 

CHEMICAL CHANGES 

Plasma pH 

The determination of pH was carried out at 
37.5° C. ; the values recorded in Figure 6 are there- 



Fig. 6. pH Changes During Storage or Bloods Stored 
IN 3 Preservative Solutions 

fore directly comparable to those customarily meas- 
ured in biological studies. Under the experimental 
conditions, where loss of CO, owing to exposure 
to air could not be avoided, the results are of rela- 
tive value only. The pattern and extent of the 
changes in pH were obviously related to the rate 
and amount of lactic acid production during stor- 
age, the cessation of the downward shift of pH in 
citrated blood coinciding with the disappearance of 
glucose, while in the glucose-enriched media ex- 
haustion of the glycoljTic power of tlie erj’thro- 
cjdes was the limiting factor. 

In general, the pH change during storage in a 
given blood is dependent on the amount of lactic 
add accumulating, on the one hand, and on the 
tj'pe and' quantitj- of buffers present, on the other. 
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As lactic acid accumulates, CO, is lost from the 
blood in increasing measure, reaching levels as low 
as 6 meq. per liter after 10 days of storage in glu- 
cose-containing media. Among the buffers, he- 
moglobin is the most important, with phosphates 
and serum protein following in order. The effect 
of citrate ion on the ionic balance deserves some 
comment. The effect of trisodium-citrate on the 
buffering of the blood may be neglected under tlie 
initial conditions of storage, in view of the fact that 
the pK' even of the third acid group of citric acid 
at 5.7 is too far removed from the normal pH of 
the blood to be of importance. The presence of 
citric acid in acid citrate-glucose mixture serves 
more to poise the blood at low pH values from the 
beginning than to change its buffering qualities, 
while the addition of tri-sodium citrate in this 
solution has a negligible effect on either pH or buf- 
fering. The great retardation in the rate of fall 
of pH during storage can be ascribed to 2 factors : 
{!) a decreased rate of glycolysis and with it of 
lactic acid accumulation and (2) the fact that the 
buffering power of the blood increases as it be- 
comes more acid and is near a maximum at about 
pH 6.6. Phosphates, present in a concentration of 
15 mM. per liter of erythrocytes at this pH, exert 
their maximum buffering effect, and hemoglobin, 
close to its iso-ionic point, begins to function as a 
cation. With lowering of pH the citrate buffering 
also increases in importance. 

Blood sugar, lactic acid, and glycolysis 

The sugar concentration of citrated blood, shown 
in Figure 7 A, diminished swiftly, reaching levels of 
about 10 mgm. per 100 ml. on the eighth day of stor- 
age, such levels presumably representing residual 
nonfermentable reducing substances. The curve of 
the lactic acid accumulation, portrayed in the same 
figure, complements that of glucose disappearance. 
Together the 2 curves demonstrate within the 
limits of the methods used that glucose was entirely 
converted into lactic acid, which, once formed, re- 
mained unchanged during long periods of storage. 
In the glucose-enriched media, the glucose de- 
creased by about 200 mgm. from an initial value 
of about 600 mgm. per 100 ml., the change occurr- 
ing at a more rapid rate and terminating sooner in 
neutral, than in acid citrate-glucose. The curves 
of lactic acid accumulation (Figures 7C and 7E) 


presenting a complementary picture, with the rate 
and the final levels higher in neutral, than in acid, 
citrate-glucose solution. 

As an over-all index of their metabolic condi- 
tion, the glycolytic power of erythrocytes was 
tested by incubating blood samples for 90 minutes 
at 37° and measuring the amounts of lactic acid 
produced and glucose removed during such pe- 
riods. For the study of the glycolytic faculty of 
the erythrocytes of citrated blood, which after a few 
days’ storage is depleted of glucose, glucose solu- 
tion was added before incubation. Inasmuch as no 
attempt was made to control the pH closely and 
since the rate of glycolysis is well known to be 
dependent upon the pH, being much greater at 
higher pH values, the results of the test have only 
limited quantitative significance. Individual meas- 
urements of rates of 10 mgm. or less per hour are 
of doubtful significance and attain importance only 
when evaluated statistically owing to limitations 
in the accuracy of the methods used. As shown 
in Figures 7B, 7D, and 7F the glycolytic activity 
of the erythrocytes ceased earliest in simple citrate 
and latest in ACD solution. It may also be seen 
that the erythrocytes had a higher initial glycolysis 
rate in the 2 neutral media than in the acid one. 

The significance of glycolysis in the functioning 
of erythrocytes lies in the fact that glycolysis is 
the most important energy-yielding process occurr- 
ing in the cells. Their oxygen consumption nor- 
mally 'is minute, accounting for less than 10 per 
cent of the energy yielded by glycolysis. The 
weakness of the aerobic metabolism of erythrocytes 
is further illustrated by the virtual absence of 
the Pasteur effect, as indicated by the fact that 
glycolysis proceeds at essentially the same rate 
in oxygen as under anaerobic conditions (42). 
Before accepting the significance of the g^xolytic 
process in the functioning of erythrocytes, one may 
consider the question of their metabolic energy 
requirements. These cells, after maturation from 
the reticulocyte stage, do not appear to undergo 
further development nor do they multiply. Their 
most impressive attribute is the biconcave form, 
which is maintained under a variety of conditions 
throughout their life. There has been considerable 
speculation regarding the mechanism for the main- 
tenance of the characteristic form of erythrocytes 
(43). Generally 2 basic hypotheses have been ad- 
vanced: (1) the existence of a rigid structure and 



CHANGES OF ERYTHROCYTES IN STORED BLOOD. I 


605 





Fig. 7. Changes in Glucose, Lactic Acid and Glycolysis Rate of Bloods Stored in 3 Preservative 

Solutions 


(2) a djTiamic balance of forces resulting in con- 
stancy of the cellular shape. If, under most condi- 
tions, the erjThrocytes do not possess a rigid struc- 
ture, as is indicated by considerable evidence, the 
conclusion is inescapable that continuous expendi- 
ture of energj- is required for the preservation of 


the biconcave form. An attractive h3’potlie5is 
would then be that in part the function of the 
gljxolj-tic process is to >deld the energy required 
for the maintenance of the cellular form.’ Ac- 

® Assuming a surface tension of 60 dynes per cm., the 
energv- required by a single cell would be in the order of 
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Fig. 8. '• Changes in the Inorganic Phosphorus Distribution and the Adenosine Triphosphate Content 
OF Red Cells During Storage of Blood in 3 Preservative Solutions 


cepting this premise, the similarity of patterns of 
dimensional and chemicd’ changes and their close 
correspondence would reflect a causal relationship. 

10"* erg. Assuming a corpuscular volume of 90 micra’, 
100 ml. of cells would contain about 10“ erythrocytes, 
with an energy requirement of 10' ergs, that is about 
0.2S cal. This would correspond to the energy yielded 
by glycolysis of about 2 mgm. of glucose per 100 ml. of 
cells. If the surface tension of the cell and plasma is 
less, as is indicated by some studies, the energy require- 
ment would be correspondingly decreased. 


Acid-sobiblc phosphorus compounds 

Inoj-ganic phosphorus in cells and plasma: The 
inorganic phosphorus in the red cells is shown in 
Figures 8A, 8C, and 8E.' In the neutral media, it 
rose rapidly following a period of delay while in 
the acid medium, it rose from the start but at a 
lower rate. The inorganic phosphorus of the 
plasma in all media rose at an approximately linear 
rate. 

. Adenosine triphosphate: The fate of adenosine 
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triphosphate (ATP) during storage was of par- 
ticular interest since this compound is an impor- 
tant co-enzyme of glycolysis. Data for this com- 
pound, calculated from the values for the easily- 
hydrolyzable phosphorus, are presented in Figures 
8B, 8D, and 8F. It may be seen that it decreased 
most slowly in the blood stored in ACD solution. 

Adenosine triphosphate was determined more 
specifically in several bloods as the easily-hydro- 
lyzable phosphorus in the mercury’’ precipitate of 
the trichloracetic acid filtrate. The results, not 
presented here in detail, indicated for citrated blood 
an initial concentration of about 12 mgm. per 100 
ml. of cells diminishing to values below 2 mgm. 
after about 10 days of storage. The adenosine 
triphosphate changes in the glucose-enriched media 
bore the same relation to those in citrated blood as 
were given by the cruder method described pre- 
viously. Studies were also carried out on the 
fate of the other components of the adenosine tri- 
phosphate molecule during storage besides that of 
’the 2 easily hydrolyzable phosphate groups. Ade- 
nine, hypoxanthine, and purine nitrogen w'ere de- 
termined in the whole blood and in fractions 
comprising nucleotides on the one hand and 
nucleosides plus free purines on the other. By 
following the pentose content of the mercury 
precipitate of the trichloroacetic acid extract, which 
contains all the nucleotide and a considerable pro- 
portion of the nucleoside, a rough measure of 
pentose combined with purine was obtained. The 
results, to be presented in detail elsewhere, indi- 
cated that the several parts of the adenosine tri- 
phosphate molecule underwent changes during 
storage according to differing patterns and at 
varying rates. The most rapid, and for the gly- 
colytic process most critical change, was the loss 
of the 2 easily hydrolyzable phosphate groups. 
As a consequence, free adenylic acid accumulated. 
Adenine was deaminated to hypoxanthine, the con- 
version reaching as much as 80 per cent. The de- 
amination seemed to be accompanied in each case 
by the loss of the third phosphate group, leading 
to the accumulation of hj'poxanthine riboside after 
prolonged periods of storage. 

Organic acid-soluble phosphorus: The changes 
in the organic acid-soluble phosphorus of the cells, 
which consists for the most part of a mixture of 
adenosine triphosphate and diphosphoglyceric acid, 
mirrored to a large extent those of inorganic phos- 



Fic. 9. Organic Acid Soluble Phosphorus in Blood: 
Stored in Sodium Citrate 


phorus as shown for citrated blood in Figure 9 

The total acid-soluble phosphorus content o: 
all bloods remained unchanged even after the mosi 
extended storage periods (70 days), indicating 
that the phospholipids, which in mammalian blood' 
almost entirely accoimt for the acid-insolubh 
phosphorus fraction, were not hydrolyzed undei 
such conditions. 

A discussion of the changes in the phosphorus 
distribution of blood during storage necessitates 
a sketchy review of the changes occurring during 
glycolysis at 37° C., and a brief consideration oi 
the role of the phosphorus compounds in the inter- 
mediate reactions of the glycoIjTic process (44) 
The glycolytic system of the erjlhrocytes is dis- 
tingiu’shed by great sensitmty to changes of pH, 
the over-all rate of glycolysis increasing with ele- 
vation of pH. If glycolysis is allowed to proceed 
at pH values above 7.3, the inorganic phosphorus, 
following a brief period during which the level may 
decrease, steadily increases, at the expense pri- 
marily of adenosine triphosphate and later also oi 
diphosphoglyceric acid. During incubation at pH 
values below 7.3, the inorganic phosphorus rises 
from the start at a rapid rate, while the adenosine 
triphosphate is maintained at a high level and the 
diphosphoglyceric acid diminishes swiftly (45), 
The resemblance beween the changes occurring 
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at 37° C. and those taking place in bloods during 
storage at low temperatures is obvious : In bloods 
collected in neutral media, a short period of un- 
changed or decreased levels of inorganic phos- 
phorus is followed by a breakdown of both adeno- 
sine triphosphate and diphosphoglyceric acid, as 
judged by the data described earlier; in bloods 
stored in acid citrate-glucose, an immediate rise 
of the inorganic phosphorus goes hand in hand 
with the maintenance of high levels of adenosine 
triphosphate for considerable periods of time. De- 
creasing values of the total organic acid-soluble 
phosphorus were, by inference, accounted for by 
changes in the diphosphoglyceric acid. 

In the light of modern concepts of the glycolytic 
' process (45, 46, 47) the changes in the glycolytic 
rate and in the distribution of phosphorus com- 
pounds at varying pH values may be interpreted 
as follows : At elevated pH values glycolysis pro- 
ceeds at a rapid rate, while the level of adenosine 
triphosphate tends to decrease ; this indicates that 
under such circumstances the rate of esterification 
of glucose by adenosine triphosphate proceeds at 
a more rapid rate than does the rephosphorylation 
of adenylic acid. In acidified blood, where the 
glycolytic rate may be only one-third as great as 
normal the adenosine triphosphate is maintained 
at a higher level, indicating that rephosphdrylation 
of adenylic acid keeps pace with the esterification 
of glucose. This balance is in part ascribable to 
the decreased over-all rate of turnover ; in addition, 
under such circumstances diphosphoglyceric acid 
in decomposing furnishes an additional source of 
phosphorus for the re-synthesis of adenosine tri- 
phosphate. Since adenosine triphosphate appears 
less susceptible to irreversible deaminating attack 
than adenylic acid, circumstances leading to mini- 
mum concentrations of adenylic acid, such as pre- 
vail in acidified blood, tend to slow the rate of 
breakdown of the essential nucleotides. 

From inspection of the data it becomes evident 
that the glycolytic power of the erythrocytes was 
still present to some extent at a time when most 
of the organic acid-soluble phosphorus had de- 
composed. The lack of correlation between the 2 
indices suggests that only a small component of the 
organic acid-soluble phosphorus, perhaps the ade- 
nosine triphosphate, or a portion thereof, consti- 
tutes the limiting factor in the glycolytic process. 

On the basis of the data presented one may ven- 


ture the hypothesis that the maintenance of the 
functional state of the cell and of its various char- 
acteristics, dimensional, osmotic, and chemical, is 
dependent upon the glycolytic process which in 
turn is dependent on the intact functioning of the 
enzyme system concerned with it; adenosine tri- 
phosphate, or a compound determining its concen- 
tration, is of critical importance for the preserva- 
tion of the glycolytic power of the erythrocytes. 
It may be surmised that only cells which by virtue 
of a functioning enzyme structure have the ability 
to recover their normal physical and chemical 
structure survive in vivo. 

Potassium and sodium 

The changes in the potassium content of serum 
and cells are portrayed in Figures lOA, IOC, and 
lOE. It can be seen that the potassium content of 
plasma of citrated blood increased in the beginning 
at the rate of about 2.0 meq. per liter per day and 
more slowly after longer periods, reaching a value 
halfway towards diffusion equilibrium in about 8 
days. Half-diffusion-equilibrium values were 
reached after 12 days in citrate-glucose and after 
about 23 days in acid citrate-glucose. The changes 
of potassium in the cells in each case " mirrored 
faithfully those occurring in plasma. 

The sodium in plasma and cells, as shown in 
Figures lOB, D, and F, underwent in all solutions 
a change reciprocal to that of the potassium, but 
at a slower rate. A comparison of the 3 preseiA^a- 
tives with regard to sodium leads to essentially the 
same conclusion as described above for potassium. 

It is of interest to examine to what extent the 
exchange of potassium and sodium between cells 
and plasma follows the law of simple diffusion, 
particularly so, in view of the possibility that the 
normally existing inequality of the ionic concentra- 
tions between cells and plasma is maintained by 
metabolic processes. It would appear that the proc- 
esses of ionic exchange, except for the first few 
days, may be described on the assumption of sim- 
ple diffusion, with rates decreasing in order in 
citrate, neutral, and acid citrate-glucose solutions. 

The changes in the ionic composition of blood 
during storage have obvious implications with re- 
gard to the general theory of permeability, of the 
erythrocyte membrane. On the one hand, it ap- 
pears that sodium and potassium exchange across 
the cellular membrane during storage (as indeed 
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in vivo, as shown by the radioactive tracer tech- 
nique [48 to 50] ) ; on the other hand, there exists 
considerable evidence which indicates that the ex- 
change of water and anions between cells and 
plasma may be described by the Donnan theory 
on the postulate of non-permeability of the erythro- 
cyte membrane to cations (40, 51, 52). In order 
to conciliate this apparent contradiction, it has 
been proposed that the cations exchange across 
the cellular membrane not by way of simple diffu- 
sion, but rather by means of a metabolic process. 
Such a hypothesis would also account for the un- 
equal distribution of potassium and sodium be- 
tween cells and plasma. The decrease of cellular 
potassium during storage may then be thought to 
be due to unfavorable conditions for the specific 
metabolic process concerned with the transfer of 
potassium so that the normally existing steady 
state is no longer maintained. According to an- 
other explanation which is not necessarily in con- 
flict with the one just mentioned, the non-diff visi- 
bility of the cations may be due to some form of 
binding of the cations. However, existing data 
indicate that at least 90 per cent of the cell water is 
“free,” that is, osmotically active, and that the de- 
gree of osmotic activity of cations in the cells does 
not differ markedly from that in the plasma. It is 
still conceivable that there exists within the cells 
a restraining influence which, while preventing 
the free outward diffusion of cations, interferes 
little with their osmotic activity. This hypothesis 
gains interest in line with observations to be pre- 
sented in the following paragraphs. 

In view of the intimate connection between the 
electrolyte concentration and the water content 
of the cells, it is of interest to examine the changes 
during storage in the total concentration of cations. 
In Table VIII are presented the mean values for 
the sum of sodium and potassium, taken to repre- 
sent the total cations, observed on blood in acid 
citrate-glucose solution initially and after periods 
of storage of 20 to 40 days. The concentrations 
in cells and plasma are recorded in rneq. per liter 
of each, and per kgm. of water. On either basis, it 
it evident that the cells in acid citrate-glucose solu- 
tion actually lost cations during storage. This loss 
apparently occurred in a manner that left the water 
distribution, and with it the cellular volume, un- 
changed. The amount of cation transferred from 
cells to plasma agrees well with the value calcu- 


TADLE vni 

Distribution of cations between cells and plasma during 
storage of blood in acid citrate-glucose solution 
The results are expressed as the mean, together with the 
standard error of the mean. 


Period 

of 

storage 


Cells 

Na+K 

Plasma 

Na-hK 

Plasma 

pH 

days 

0 

tiicg. per liter 
rneq, per hem. water* 
Calculated value** 
rneq. per liter 

'108.8 ±3.8 
148 

112 

100.2 ±3.1 
168 

157 

6.95 

20-30 

rneq. per liter 
rneq. per kern, water* 
Calculated value** 
rneq. per liter 

95.3±1.1 

130 

100 

167.7±I.l 

176 

164 

6.50 

1 

Change during storage: 
rneq, per liter 
rneq. per kgm. water* 
p*** 

Calculated value** 
rneq. Per liter 

-13.5 ±4.0 
-18 

0.001 

1 

-12 

+7.5 ±3.3 
-1-8 
<0.05 

+7 

-0.35 


* A constant value of 0.743 gram per ml. was calculated 
for the cell water by means of the formula 

HoOc = 94.53 - 0.704 Hb. 


where Hbc indicates the concentration of hemoglobin in 
gram per 100 ml. of cells, on the basis of a measured hemo- 
globin concentration of 30.0 grams per 100 ml. The 
plasma water was assumed to be 0.95 gram per ml. 

** These values were calculated by means of equations 
and assumptions described earlier, on the basic premise 
that the water distribution between cells and plasma re- 
mained constant during storage and that the only variable 
was the ionic equivalency of hemoglobin, for which the 
values given by Adair (41) were used. For the calculation 
of the initial values of cell and plasma water it was assumed 
that the blood in the beginning was at a pH close to the 
iso-ionic point of hemoglobin. As may be seen, the values 
calculated on this rough approximation were in fairly good 
agreement with the observed values. Given an acidifica- 
tion to a pH in_ the plasma of 6.50 during storage, the 
changes in the distribution of cations in plasma and cells 
were calculated with the same values for the serum and cell 
water as assumed initially. 

*** p = the percentage chance that a deviation as great 
or greater than that observed would arise by chance alone; 
any value of p 0.05 or less is usually accepted as indicating 
a significant difference. 

lated from the ionic equivalency of hemoglobin 
when the water content of the cells remains con- 
stant. This is also shown in the table. The be- 
havior of the erythrocytes suggests that their cor- 
puscular volume in acidified blood is maintained 
by a graded transfer of cation in apparent propor- 
tionality to the increased ionization of hemoglobin 
as a cation. To explain the unexpected behavior 
the following hypothesis may be tentatively ad- 
duced : assuming that the apparent non-diffusi- 
bility of cations across the cellular membrane is 
caused by some restricting interaction, perhaps 
a molecular force existing between the cations and 
other components within the cell, one may reason 
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that the hemoglobin cation competes with the mo- 
novalent cations, displacing them from positions 
previously occupied, perhaps by virtue of its 
greater size. The displaced monovalent cations, 
no longer restrained, ‘would then freely leave the 
ei^'throcj-te. Since diffusible anions would enter 
the cell in direct proportion to the cationic ioniza- 
tion of hemoglobin and an equal proportion of ca- 
tions becoming diffusible would leave the cell con- 
stant osmolarity and therefore constant water con- 
tent would be maintained. According to this hy- 
pothesis, therefore, erythrocytes would tend to 
maintain constant volume below the iso-ionic point 
of hemoglobin, by means of loss of cations in direct 
proportion to the ionization of hemoglobin as a 
cation. 

STATISTICAL COMPARISON OF 5 INDICES OF BLOOD 
PRESERVATION 

In Table IX are presented data based on 96 
blood samples on the degree of association among 
the 5 indices of blood stored in 3 preserv'ative solu- 
tions. The table contains values for the regres- 
sion equations and correlation coefficients between 
percentage hemolysis in 0.6 per cent NaQ solu- 
tion, which (as the most precise measurement) 
was chosen as the basis of comparison on the one 
hand and the 4 other indices on the other. It may 
be seen that for each of the preservative solutions 
close association existed betrveen the alterations 
of hemolysis in 0.6 per cent NaCl solution and the 
changes of any of the 4 other indices, the only ex- 
ception being glycolysis of blood in simple citrate. 


the values for which were rather variable. An in- 
spection of the data indicates that the absolute 
values of the regression coefficients were of similar 
magnitude in all 3 preservatives.. Similarity in 
the relative -rates of change of all 5 indices in the 
3 preservatives is indicated by the highly signifi- 
cant values for the regression and correlation co- 
efficients for the pooled values. In Table X are 
recorded for the purpose of close comparison the 
differences among the several regression coeffi- 
cients for the 3 presen^ative solutions. It may be 
seen that except for 2 values, the differences be- 
tween the several regression coefficients were of 
small magnitude. When the individual regression 
coefficients in each of the 3 preservative solutions 
were compared with the pooled estimate, no statis- 
tically significant difference was apparent in any 
instance. 

The similarit}- of the regression functions with 
change in hemolj'sis for the dimensional, metabolic, 
and chemical characteristics of the red cell in the 3 
solutions of widely differing preservative qualities 
indicates that the several indices displayed similar 
relationships among each other despite great vari- 
ations, up to 4-fold, in the rate of change with time. 
The data as a whole represent indirect evidence of 
close interdependence of physical, osmotic, and 
chemical properties of the red cell. 

DISCUSSION 

From a review of the composite findings pre- 
sented, it appears that a number of apparently un- 
related properties of the erythrocyte undergo 


TABLE IX 


Relalionship between hemolysis in 0.6 per cent NaCl solution and 4 other indices of bloods stored in 3 preservative solutions 

Regression equations and correlation coefficients 


Solution 

Ttuckness vs. hemolysis 

Adenosine triphosphate 
vs. hemolyas 

1 Glycolysis vs. hemolysis 

Potassium vs. hemolysis 

Regression 

equation 

Correla- 

tion 

coefficient 

Regression 

equation 

; Correla- 
1 tion 

1 coefficieat 

[ Regression 
[ equation 

Correla- 

tion 

coefficient 

Regression 

equation 

Correla- 

tion 

coefficient 

Citrate 

-O.Oll-pO.OlSTrr 

±0.0014 

-i-0.946 

10.8-0.123* 

±0.017 

-0.866 

23.7— 0.247x 
±0.100 

-0.484 

11.2-f0.272x 

±0.054 

-PO.824 

Citrate- 

glucose 

0.041 -1-0.0169a: 
±0.0015 

-{-0.914 

11.6—0.145* 

±0.017 

-0.914 

24.3-0.390x 

±0.082 

-0.767 

I6.1-f-0.199x 

±0.049 

+0.T0S 

Add dtrate- 
glucose 

0.030-P0.014SX 

±0.0007 

-f 0.960 

13.2-0.14Zx 

±0.017 

-0.767 

17.5 — 0.283x 1 
±0.039 

—0.753 

9.7-r0.345x 

±0.028 

±0.870 

Pooled value 
of 3 preser- 
vatives 

O.OH-fO.Oie&c 

±0.0006 

+0.022 

12.6-0.147x 

±0.004 

1 

—0.753 

20.1 -0.281* 1 
±0.042 

—0.539 

11.5-f 0.285* 
±0.023 

±0.732 
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TABLE X 

Relationship between hemolysis in 0.6 per cent NaCl solution 
ani 4 other indices of bloods stored in 3 
preservative solutions 

Differences between regression coefficients and estimates 
of their significance 


Comparison 

Thickness 

vs. 

hemolysis 

Adenosine 

triplios- 

pliate 

vs. 

hemolysis 

Gly- 

colysis 

vs. 

hemoly- 

sis 

Potas- 

sium 

vs. 

hemoly- 

sis 

Citrate vs. citrate- 

-1-0.0018 

-1-0.022 

d-0.143 

-1-0.073 

glucose 

±0.0020 

±0.024 

±0.133 

±0.073 

P* 

0.4 

0.4 

0.3 

0.3 

Citrate vs. acid 

d- 0.0042 

-1-0.003 

-0.036 

-0.073 

citrate-glucose 

±0.0015 

±0.024 

±0.112 

±0.061 

P* 

0.01 

0.9 

0.8 

0.3 

Citrate-glucose vs. 

d-0.0024 

-0.019 

-1-0.107 

-0.146 

acid citrate- 
glucose 

±0.0016 

±0.024 

±0.091 

±0.057 

P* 

1 

0.15 

0.5 

0.3 

0.02 


* p = percentage chance that a deviation as great or 
greater than that observed would arise by chance alone; 
any value of p 0.05 or less is usually accepted as indicating 
a significant difference. The bold-faced figures indicate 
significant differences. 

changes in a characteristic manner during storage. 
These alterations follow a similar pattern in each 
of the 3 preservatives studied. A brief listing of 
the cellular characteristics which changed in a criti- 
cal and characteristic manner during storage may 
be useful at this point. They were: (1) hemolysis 
in several concentrations of NaCl solution from 
0.9 per cent down, (2) dimensional changes of the 
erythrocyte, i.e., in diameter, thickness, and sur- 
face area, (3) glycolyzing power, {4) adenosine 
triphosphate content, and (5) change in the dis- 
tribution of potassium. Not all physical or chemi- 
cal properties of the cell followed this pattern ; for 
instance, the corpuscular volume appears to be de- 
termined by the osmotic and ionic relationships ex- 
isting between cells and serum rather than by the 
functional state of the cell. The liberation of in- 
organic phosphorus and alterations of the gluta- 
thione content belong also in the group of cellular 
properties, which did not change in a manner 
which can be correlated with the preservation of the 
red cell. Such differences in behavior suggest that, 
while some of the cellular properties are intimately 
related to the metabolic activity of the cell and re- 
flect its functional state, others do not bear such a 
relationship. To some extent, the division may be 
artificial and dependent on the scale and method of 


measurement adopted. This is illustrated by the 
conflicting experiences with the use of osmotic 
hemolysis as an index of blood preservation. 

Comparison of in vitro and in vivo tests 

The practical importance of in vitro data hinges 
on their close correlation to the in vivo survival of 
erythrocytes. In order to compare the results re- 
ported here with the in vivo behavior of stored 
blood, the data on the percentage survival of 
erythrocytes 7 days after transfusion obtained (6) 
by a differential agglutination method have been 
charted in Figure 11. The preservatives tested by 



Fig. 11. In vivo Survival of Erythrocytes of Bloods 
Stored in 3 Preservative Solutions According to Data 
OF Mollison and Young (6) 


the British workers, except for the use of a higher 
concentration of citrate in the neutral media, were 
closely comparable to those studied here. Similar 
results have been obtained by the use of radioactive 
iron for the direct measurement of the survival of 
the erythrocytes (Gibson, Ross). The close cor- 
respondence between in vitro and in vivo results 
indicates the practical usefulness of in vitro meth- 
ods and supports the initial hypothesis of close in- 
terrelation between many properties of the red 
cell. 

The principal applications of in vitro methods 
appear to be two : first, as preliminary procedures 
for the screening of preservative solutions before 
they are submitted to definitive testing by estab- 
lished in vivo methods. Their rapidity, sensitivity 
and accuracy, make them well suited for this pur- 
pose. As to accuracy, one advantage lies in the 
fact that only the variability of the donor comes 
into play, whereas in vivo testing is affected by 
the cumulative variabilities of donor and recipient. 
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Second, in vitro methods have their widest field 
of use in the investigation of the mechanism of 
deteriorative processes of the cell and constitute 
therefore the basis for rational elaboration of im- 
proved preservative techniques. For instance, thej' 
already appear to furnish some understanding of 
the apparent advantage of the addition of glucose 
and of acid to blood. Their failure under certain 
conditions to reflect the functional state of the cell 
•is perhaps more an index of the deficiencies of our 
understanding than a general argument against 
their validit}'. The employment of a series of in- 
dices for the description of the preservation of the 
red cell should help to guard against the danger of 
reliance on an}" single index, which under certain 
experimental conditions may prove to be a fallaci- 
ous guide. 

Practical considerations 

While the length of preservation appears of par- 
amount importance in the selection of preservative 
solutions, other factors merit attention in the con- 
sideration of the practical usefulness of any pre- 
servative. Among these may be mentioned: (1) 
ease of sterilization of the preservative solution, 
(2) extent of dilution of the blood, (3) suitability 
for the subsequent preparation of fluid or dried 
plasma, and (4) possible deleterious effects of in- 
gredients of the preservative solutions proposed. 
For instance, with respect to the first point, neutral 
citrate-glucose solution, which requires a special 
technique to prevent caramelization of glucose, is 
at a disadvantage compared with simple citrate 
solution. ACD solution on the other hand may be 
sterilized as simply as citrate solution alone. In 
view of the superiorit}" of this solution with respect 
to the longevity of red cells, the subsequent dis- 
cussion will be limited to consideration of its merits 
and demerits. Its use entails a dilution of blood 
to the extent of 25 per cent, so that the concentra- 
tion of protein in the plasma is reduced to about 
5.1 grams per 100 ml., assuming an initial con- 
centration of 7 grams per 100 ml. and taking into 
account the swelling of the erythrocytes. The 
protein concentration of plasma of blood in simple 
citrate, calculated on the same assumption, is 
about 5.8 grams per 100 ml. With respect to the 
preparation of dried plasma, some increase in 
dnifing time may be expected owing to the presence 


of glucose in acid citrate-glucose solution. The 
possibility of deleterious effects of the acidifica- 
tion of blood may be dismissed on theoretical 
grounds as well as on the basis of practical experi- 
ence. Injection of an organic acid, which is easily 
metabolized in the body with the production of CO^, 
in amounts such as are added to blood, may be 
confidently expected not to produce an appreciable 
effect on the ionic equilibrium of the blood of the 
recipient. Direct experiments on this point have 
been carried out (6). A comparable condition 
exists in any stored blood, where the amounts of 
lactic acid accumulated are about as much as the 
amounts of citric acid added. In summary one 
may therefore say that, while acid citrate-glucose 
solution produces a somewhat more dilute plasma 
and may give rise to minor difficulties in the pro- 
duction of dried plasma, its greatly superior pre- 
serv"ative qualities make it the preservative solu- 
tion of choice. 

SUMMARY 

On the basic premise that the erythroc}i;e repre- 
sents a functional unit, with closely interdependent 
physical and chemical properties, which in turn are 
related to its viability, a study of dimensional, 
osmotic, and chemical changes of blood stored in 
3 preservative solutions was undertaken. The 
preservatives studied were: (1) simple citrate 
solution, (2) a neutral, and (3) an acid citrate- 
glucose (ACD) solution. The results of this in- 
vestigation may be summarized as follows: 

(J) During storage red cells undergo a change 
in their dimensions in a characteristic and critical 
manner; their thickness increases, their diameter 
decreases, and their apparent surface area is re- 
duced. These alterations are interpreted as mani- 
festations of progressive deterioration of the cell. 
They progress most -rapidly in blood in simple 
citrate, and most slowly in blood in acid citrate- 
glucose solution. Changes in the corpuscular 
volume appear to be determined by physico-chem- 
ical relationships and not to be related to the func- 
tional state of the cell. 

(2) Osmotic hemolysis of erythrocytes becomes 
similarly altered in a progressive manner during 
storage, at a rapid rate in simple citrate and most 
slowly in acid citrate-glucose solution. 

(3) The plasma pH decreases to a value of 7.1 
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in simple citrate solution, and to a value below 6.6 
in the glucose-enriched media in direct relation to 
the amount of lactic acid accumulated. 

(4) The ability of the red cells to glycolyze is 
lost first in simple citrate solution and is preserved 
longest in acid citrate-glucose solution, 

(5) The inorganic phosphorus increases sharpl}'^ 
in the red cells, with corresponding decrease of the 
organic acid-soluble phosphorus, but changes in a 
more gradual manner in the plasma. Adenosine 
triphosphate, a co-enzyme of blood glycolysis, is 
preserved considerably longer in blood in ACD 
solution than in the 2 neutral media. Maintenance 
of adenosine triphosphate appears of importance 
for the preservation of the metabolic function of 
erythrocytes. 

(6) Decreases of potassium and increases of 
sodium in erythrocytes reported by others have 
been confirmed. During storage the total cation 
content of erythrocytes decreases. This fact and 
the constancy of the corpuscular volume of erythro- 
cytes in ACD solution during storage are inter- 
preted as indicating loss of cations on the acid 
side of the iso-ionic point of hemoglobin, in direct 
proportion to the dissociation of hemoglobin as a 
cation, with the osmolarity of the cells remaining 
constant. 

Judged by various indices the state of erythro- 
cytes of citrated blood after 8 days is approxi- 
mately equivalent to their state in neutral citrate- 
glucose after 18 days and in ACD solution after 
33 days. 

It would appear that in vitro testing has its 
place in the study of preservation of erythrocytes 
(1) as a useful preliminary procedure for the 
screening of preservative solutions before these 
submitted to definitive testing by direct measure- 
ment of their survival in vivo, and (2) as a useful 
tool in the development of improved methods of 
blood preservation on a rational basis. 

ACD solution is recommended for practical use. 
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In this communication are summarized several 
phases of a program aimed at assessing the value 
of in vitro methods for gauging and improving 
preservative techniques (1). A series of experi- 
ments is reported on the effect on the preservation 
of erythrocytes of variations in the extent of dilu- 
tion and acidification from the original acid citrate- 
glucose (ACD-I) solution (2, 3). The experi- 
ments yielded only negative results. ‘ They are re- 
ported as a record for other workers in the field 
and because they bear on the theory of permeability 
of the red cell. A second phase deals with a com- 
parison between ACD-I and Alsever’s solution 
(4) with respect to the preservation of red cells, 
undertaken because of the extensive use of Al- 
sever’s solution by the United States Army in the 
European Theater of Operations. Because it was 
claimed that blood can be stored satisfactorily 
without refrigeration in Alsever’s solution (5) an 
experiment on the effect of storage at 25° C. on the 
preservation of red cells was also included. Fi- 
nally, a few data are reported on the in vitro 
changes of blood stored in De Gowin’s (6) and 
McGill II (7) solution. These neutral solutions 
entail dilution of blood to the extent of 150 and 50 
per cent, respectively. 

Since many of the changes observed in this 
study are similar to those reported in the preced- 
ing communication, the report for the most part 
is limited to 5 indices: (1) hemolysis in 0.6 per 
cent NaCl solution, (2) increase of thickness, 
(5) changes in adenosine triphosphate content, 
(4) glycolysis rate and (5) potassium concentra- 

1 The work described in this paper was done under a 
contract, recommended by the Committee on Medical Re- 
search, between the Office of Scientific Research and De- 
velopment and the Children’s Hospital of Cincinnati. 


tion of cells. In addition, calculations and data 
on the osmotic characteristics of the preservatives 
studied and the changes in corpuscular volume of 
erythrocytes are presented. 

METHODS AND MATERIALS 

The technique of collecting and distributing the blood 
samples and the analytical methods used have been de- 
scribed previously (1). 


table I 

Composition of acid citrate-glucose mixtures for the 
preservation of whole blood 


Mixture 

Na 

Citric 

Glu- 

Citr. ac. 

pH 

Vol. 

added 

to 

Plasma 

citrate* 

ac.* 

cose* 

Na citr. 

100 

ml. 

blood 

pH 

ACD-I 

grams 

ter 

100 ml. 

1.33 

grams 

ter 

100 ml. 

0.47 

grams 

ter 

100 ml. 

3.00 

Molar 

ratio 

0.49 

5.03 

ml. 

25 

7.03 

ACD-IA 

3.32 

1.18 

7.50 

0.49 

5.03 

10 

7.05 

ACD-I B 

1.11 

0.63 

3.00 

0.80 

4.62 

25 

6.82 

ACD-I C 

2.00 

0.78 

5.00 

0.55 

4.86 

15 

7.00 

ACD-I D 

0.88 

0.80 

3.00 

1.27 

4.17 

25 

6.67 

ACD-IE 

1.88 

1.07 

5.00 

0.81 

4.54 

15 

6.84 

ACD-IF 

1.33 

0.60** 

3.00 

0.49 


25 

7.05 


* Tri-sodium citrate • 2 H 2 O, citric acid •H 2 O, glucose 
anhydrous. 

** Lactic acid. 


In Table I is shown the composition of the various 
ACD solutions studied. It may be seen that they covered 
a range of dilution of blood from 10 to 25 per cent, which 
is the most useful range and of pH from 7.0 to 6.8. In 
solution ACD-IF, citric acid was replaced by an equiv- 
alent amount of lactic acid with a view to exploring the 
possibility that accumulation of lactic acid may represent 
the limiting factor in the preservation of red cells. The 
composition of De Gowin’s and McGill II solutions has 
been given in the literature (4, 6, 7) and is therefore 
omitted. A few words of comment with regard to Al- 
sever’s solution may be in order : This solution as origi- 
nally described had the composition : sodium citrate 0.57, 
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sodium chloride 0.42, de.xtrose 1.87 grams per 100 ml. to 
be added in equal volume to blood. During the war the 
Baxter company modified it as follows : sodium citrate 
0.80, sodium chloride 0.42, de.xtrose 2.05 grams per 100 
ml., with the addition of 0.0075 gram of citric acid, re- 
sulting in a pH of the mixture of 6.8. This modification, 
designated simply as Alsever’s solution in the following 
discussion, was the one studied in this laboratory. Later 
the same company modified the solution still further by 
adding sufficient citric acid to bring the pH to 6.0. 

RESULTS 

In Figure 1 is shown a comparison of McGill II 
and De Gowin’s solution and of several variants of 
ACE>-I solution with ACD-I mixture, portrayed 
graphically by plotting the values of each of the 
simultaneously determined indices in tlte solution 
under test against the corresponding values of the 
same blood in ACD-I solution. In the case of 
equal performance the plot will lie on a straight 
line equidistant from abscissa and ordinate, i.e., 
the diagonal. Such lines are drawn in each of the 
graphs. For the properties of the red cell which 
show a tendency to increase in numerical value 
during storage, such as thickness, hemolysis, and 
potassium content of plasma, an arrow-point di- 
rected away from the origin is provided, while for 
those properties which tend to decrease during 
storage, such as the adenosine triphosphate and 
potassium content of cells and their glycolysis rate, 
the arrow is pointed toward the origin of the diag- 
onal. The data on bloods stored in solutions in- 
ferior in preservative quality to ACD-I mixture 
would tend to be above the diagonal for cell char- 
acteristics which tend to increase in numerical 
value during storage and below it for those which 
tend to decrease. It may be seen that erythrocytes 
in McGill II solution were inferior in preservation 
to those in ACD-I solution with respect to hemoly- 
sis in 0.6 per cent NaCl solution, thickness, adeno- 
sine triphosphate and potassium content. With 
respect to glycolysis the data require additional 
interpretation. EiyThrocytes in McGill II solution, 
as in other neutral mixtures, initially glycolyze at 
a rate greater than those in ACD-I solution, but 
their glycolyzing power is exhausted sooner. The 
values for McGill II solution Ijdng above the diag- 
onal line refer to blood samples after only short 
periods of storage, while those below the line re- 
fer to bloods stored for longer periods of time, 
when their g^-colyzing power was exhausted, while 
it still persisted in a parallel blood sample in 


ACD-I solution. The data on the potassium con- 
tent of die plasma appear to be at variance with the 
other indices but it should be remembered that 
blood stored in McGill II solution is diluted to the 
extent of 50 per cent, entailing an almost 2-fold 
dilution of the plasma. Data on hemolysis of red 
cells in De Gowin’s solution are omitted from pres- 
entation since the osmotic behavior of eiydhro- 
cytes in this solution differs markedly from that 
in the other solutions tested. Values for other 
properties of erv'throcjdes in this solution are also 
somewhat difficult to interpret because of the great 
increase in their cellular volume. Those charted 
have been corrected for the increase in volume. 
It appears that the cells in De Gowin’s solution in- 
creased progressively in thickness during storage 
and that their adenosine triphosphate content and 
glycolyzing po\Yer became exhausted earlier than 
in parallel blood samples stored in ACD-I solu- 
tion. The potassium content of the cells decreased 
at a rapid rate, probably because of the low content 
of electroljde of the solution, while the potassium 
content of the plasma, w’hich represents a 3,5-fold 
dilution of the original, was lower than in all other 
solutions. Solution ACD-IA, the most concen- 
trated modification of ACD-I mixture, appears 
also somewhat inferior to ACD-I solution in its 
performance, as judged by hemolysis, thickness, 
and glycolysis rate. Other indices did not show 
significant differences. The comparatively good 
preservation of blood in solution IF, which con- 
tains lactic acid in amounts equal to those accumu- 
lated during extended periods of storage, although 
inferior to ACD-I, suggests that lactic acid per sc 
is not an important deteriorative factor. None of 
the other solutions tested appeared significantly 
different in preservative qualitj- from ACD-I 
solution. 

In Figure 2 are shown the changes of red cells 
during storage at 4° and 25° C. in Alsever’s solu- 
tion and at 4° C. in ACD-I mixture. It may be 
seen that eiyThrocytes of blood in Alsever’s solu- 
tion were similar in their preser\'ation to those in 
ACD solution until about the fourteenth day when 
both were kept at 4° C. Beyond this time they 
deteriorated at an increasingly rapid rate. The ef- 
fects of storage of 25° C, are apparent in regard 
to all indices studied, storage for 2 days at this 
temperature being approximately equivalent to 
2 weeks storage at 4° C. It may be mentioned 
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Fig. 2. Changes in Ceelhlas Indices in Alseier Solution at 4° and 25° C. and in ACD-I Solution at 4° C. 


here that even after storage periods of 10 days at 
room temperature spontaneous hemolysis was of 
small degree, indicating that this measurement is 
a fallacious index under such circumstances. From 
the data the conclusion maj' be drawn that non-re- 
frigeration has a catastrophic effect on the func- 
tional state of the cell. 


Osmotic characteristics oj preservative solutions 
and corpuscular volume of erythrocytes 

In Table II is given a description of the various 
ACD mixtures and in Table III, of the neutral 
preservatives from tlie standpoint of their osmotic 
and electrolyte composition. In Table IV is pre- 
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sented a summary of the predicted and observed 
values of corpuscular volume and hemoglobin con- 
centration of erythrocytes of stored bloods in 5 
acid and 3 neutral presei*vative solutions. As may 

TABLE ir 

Osmolarity of various ACD preservative solutions and 
resulting changes in the osmotic and electro- 
lyte concentration of blood 


ACD solution 

1 

lA 

IB 

IC 

ID 

IE 

Sodium citrate, mif. per liter 

45 

112 

38 

68 

30 

64 

Sodium citrate, m. asm. per liter 

181 

450 

152 

272 

120 

255 

Citric acid, m. osm. per liter 

22 

55 

30 

37 

38 

50 

Glucose, m. osm. per liter 

167 

418 

167 

278 

167 

278 

Total osmolarity of solution, m. osm. per 







liter 

370 

923 

349 

587 

325 

583 

Total osmolarity of solution, per cent of 







initial blood 
tonicity 

119 

298 

113 

189 

105 

188 

Effective tonicity,* m. osm. per liter 
Effective tonicity, per cent of initial blood 

203 

505 

182 

309 

158 

305 

tonicity 

66 

163 

59 

100 

51 

98 

Osmolarity of biood 

after mixing,** m. osm. per liter 
Osmolarity of blood 







324 

378 

319 

354 

314 

353 

after mixing, per cent of initial 
Electrolyte concentration of blood after 

104 

122 

103 

114 

101 

114 

mixing, per ceyit of initial 

92 

107 

90 

100 

88 

100 


* Effective tonicity is designated the osmotic concentra- 
tion of substances which permeate the cell membrane very 
slowly, if at all. In this instance its value was calculated 
on the assumption that the electrolytes, but not glucose, 
conform to this condition. 

** Calculated on the basis of an initial concentration of 
310 milliosmols per liter of water in blood, and of a water 
content of 0.80 gram per gram of blood. 

TABLE III 

Osmolarity of 3 neutral preservative solutions and resulting 
changes in the osmotic and electrolyte con- 
centration of blood 


Solution 

\ 

Al- 

sever 

De- 

Gowin 

Mc- 

Gill 

II 

Sodium citrate, mM. per liter 

27 

14.5 

44 

Sodium citrate, m. osm. per liter 

Citric acid, m. osm. per liter 

108 

0.4 

58 

174 

'Other ingredients, m. osm. per liter 

144* 

1 

62** 

Glucose, m. osm. per liter 

114 

261 

! 120 

1 

Total osmolarity of solution, m. osm. per liter 

Total osmolarity of solution, per cent of initial 

366 

319 

356 

blood tonicity 

118 

103 

115 

Effective tonicity,*** in. osm. per liter 

Effective tonicity, per cent of initial blood 

252 

58 

236 

tonicity 

81 

19 

. 76 

Osmolarity of blood after mixing,t m. osm, per liter 
Osmolarity of blood after mbcing, per cent of 

341 

316 

328 

. initial 

Electrolyte concentration of blood after mixing, 

per cent of initial 

110 

102 

106 

90 

1 

1 

47 

91 


* Sodium chloride. 

** Isotonic sodium phosphate solution pH 7.4. 

*** Effective tonicity is designated the osmotic concen- 
tration of substances which permeate the cell membrane 
very slowly, if at all. In this instance its value was calcu- 
lated on the assumption that the electrolytes, but not 
glucose, conform to this condition. _ 

f Calculated on the basis of an initial concentration of 
310 milliosmols per liter of water in blood, and of a water 
content of 0.80 gram per gram of blood. 


TABLE IV 

Corpuscular volume and hemoglobin concentration of erythro- 
cytes stored in various preservative solutions 


Solution 

Stor- 

aRc 

Corpuscular 

volume 

Corpuscular 

hemoglobin 

concentration 

Plasma 

pH 


period 

Ob- 

served 

Pre- 

dicted 

Ob- 

served 

Pre- 

dicted 



days 

per cent 
of 

normal* 

per cent 

. 

normal* 

per cent 

of 

normal* 

Per cent 

of 

normal* 


ACD-IA 

0 

100 

101 

100 

100 

7.05 


20-30 

100 

101 

99 

100 

6.50 

ACD-IB 

0 

109 

117 

92 

84 

6.82 


20-30 

108 

117 

92 

84 

6.41 

ACD-IC 

0 

106 

106 

94 

94 

7.00 


20-30 

107 

106 

94 1 

94 

6.52 

ACD-ID 

0 

118 

119 

82 

82 

6.67 


20-30 

116 

119 

1 84 

82 

6.32 

ACD-IE 

0 

107 

106 

92 

i 94 

6.84 


20-30 

107 

106 

92 

i 94 

1 

6.43 

Alsever 

0 

109 

110 

91 

90 

7.27 


20-30 

114 

116 

88 

87 

6.81 

McGill II 

0 

108 

110 

91 

91 

7.34 


20-30 

115 

116 

87 

86 

6.79 

De Gowin 

0 

142 

213 

74 

47 

7.38 


20-30 

163 


63 


6.71 


* The values in heparinized blood samples have been 
designated as "normal.” 


be seen from the data, agreement between observa- 
tion and theory was close for all solutions which 
differed in a minor degree only from the tonicity 
of blood. The results indicate that osmotic effects 
and membrane equilibria affect independently and 
in a strictly additive manner the corpuscular vel- 
um of erythroycytes. The constancy of the cell 
volume during storage in all acidified solutions 
and the limited increase in the neutral ones are in 
consonance with the hypothesis, that cations on 
the acid side of the iso-ionic point of hemoglobin 
are lost from the cell in proportion to the ionization 
of hemoglobin. 

SUMMARY 

In a study of 6 acid preservative solutions, none 
was found which exhibited better preservative 
qualities than ACD— I solution. There was some 
indication that one of the modifications, which 
was hypertonic, resulted in inferior preservation 
of erythrocytes. Lactic acid did not appear to be 
a deteriorative factor of major importance. 
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A comparison of Alsever’s solution with ACD-I 
solution indicated that it possessed inferior pre- 
servative qualities. The effect of storage of blood 
at 25° C. in Alsevcr’s solution was a great accelera- 
tion of deteriorative processes within the red cell. 

A study of the osmotic characteristics of the var- 
ious preservative solutions and of the corpuscular 
volume of erythrocjles indicated that addition of 
Alsever’s and McGill II solutions resulted in only 
minor deviations of the electrolyte concentration 
of blood from the normal, while the addition of 
De Gowin’s solution produced a decrease of the 
electrolyte concentration to less than % of normal 
with profound changes in the osmotic behawor of 
the cells. The observ’ed corpuscular volume of 
erj’throcjTes in 5 acid and 2 neutral presen’atives 
was in good agreement with predictions based on 
consideration of the osmotic and membrane equilib- 
ria of the red cell and on the assumption that red 
cells lose cations below the iso-ionic point of hemo- 
globin in amounts proportional to its ionization as 
a cation. 
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Previous studies have indicated that acid glu- 
cose-citrate solutions provide the best preservation 
available at the present time (1). The mixture 
proposed by Loutit and Mollison (2, 3), conven- 
tionally called ACD-I in the United States, has 
been most extensively studied and appears unsur- 
passed in its preservative qualities. It is added in 
amounts of 25 ml, per 100 ml. of blood. The study 
to be reported was undertaken wdth the aim of de- 
fining the minimal amount of acid citrate-glucose 
diluent compatible with optimal preservation of 
blood. With this in mind a comparison was in- 
stituted among 3 acid citrate-glucose solutions so 
adjusted as to produce the same degree of acidity 
and the same citrate concentration as is achieved 
with ACD mixture, even though they were added 
in arnounts of IS, 20, and 25 ml. per 100 ml. of 
blood (originally designated ACD-G, H, K). On 
the basis of previous data which indicated that 
only about 0.2 gram of glucose were glycolyzed by 
100 ml. of blood during the usual storage periods, 
the glucose content of these solutions was reduced 
to Yo of that in ACD-I. Since the anticipated dif- 
ferences between the preservatives were small 
compared with the variability between individual 
bloods, the experiment was conducted with special 
attention to randomization of the variables con- 
cerned. By its arrangement this study afforded 
an opportunity to assess the variability among dif- 
ferent bloods treated in the same way and to com- 
pare it with the variability among several samples 
of one blood treated in a different way. 

EXPERIMENTAL 

From each of 6 healthy male volunteers samples of 
blood were drawn and collected aseptically in 3 different 

iThe work described in this paper was done under a 
contract, recommended by the Committee on Medical 
Research, between the Office of Scientific Research and 
Development and the Children’s Hospital of Cincinnati. 


acid citratc-glucosc solutions. The samples were then 
distributed into vials and stored in a previously described 
manner (1). The 18 blood samples available were 
tested over a period of 22 days (from the twenty-second 
through the forty-third day of storage), each blood sample 
being examined twice during the period. 

The analytical methods used have been described pre- 
viously, except for the procedure for estimating glycolyz- 
ing power of blood, which was modified with a view to- 
ward simplifying the measurement by determining glu- 
cose disappearance instead of lactie acid accumulation 
and rendering it more sensitive by increasing the pH of 
the blood sample during incubation. 

The solutions used, the composition of which is listed 
in Table I, were made up on the basis of the following 


TABLE I 

Composition of preservative solutions 


Mixture 

Na 

citrate* 

Citric 

acid* 

Glu- 

cose* 

pH 

Vol- 
ume 
added 
to 
100 
ml. of 
blood 


grams 

grams 

grojns 

1 


1 

■per 

per 

per 


ml. 


100 ml. 

100 ml. 

100 ml. 



ACD-IS (ACD-G) 

1.98 

0.78 

2.30 

4.90 

15 

ACD-20 (ACD-H) 

1.58 

0.59 

1.80 

4.96 

20 

ACD-2S (ACD-K) 

1.33 

0.47 

1.50 

5.03 

25 


* Tri-sodium citrate • 2 H 2 O, citric acid -HsO, glucose 
anhydrous. 


considerations: The concentration of glucose was adjusted 
so as to give a final constant increment of 0.3 gram per 
100 ml. of blood mixed with the preservative solution. 
The concentration of sodium citrate was calculated in a 
similar way with the design of keeping the final concen- 
tration of citrate ion constant. In order to obtain the same 
pH value of about 7.0 in all bloods, the concentration of 
citric acid was varied so as to make the amount added 
to 100 ml. of blood constant. This adjustment was based 
on the consideration that the amount of citric acid re- 
quired to bring a blood to a desired pH value is depend- 
ent on the buffering properties of blood, principally of 
its erythrocytes, but is unrelated to the final volume of 
dilution. 
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TABLE II 


OsmoUrity of preservative solutions and resulting changes in 
the osmotic and electrolyte concentration of blood 


Solution 

ACD-15 

ACD-20 

ACD-25 

Sodium citrate, mif» per liter 

67 

54 

45 

Sodium citrate, m. osm^ ter lifer 

270 

1 215 

180 

Citric acid, m. osm, per MUr 

37 

28 

22 

Glucose, rn. osm. per liter 

128 

100 

83 

Total osmolarity of solution, m. asm. per 



285 

liter 

Total osmolarity of solution, unt of 

initial blood 

435 

343 

tonicity 

14Q 

111 

92 

Effective tonicity,*' tn. orm. per liter 
Effective tonicity, per cent of initial 

307 

243 

203 

blood tonicity 

99 

78 

66 

Osmolarity of blood after miring, ♦♦ 




m. orrrt. per liter 1 
Osmolarity of blood after miring. 

330 

317 

304 

Per cent of initial 
Electrolyte concentration of b!o^ after 

106 

102 

98 

mixing, per cent of initial 

100 

96 1 

1 

92 


* Effective tonicity is designated the osmotic concen- 
tration of substances which penneate the cell membrane 
very slowly, if at all. In this instance its value was cal- 
culated on the assumption that the electrolytes, but not 
glucose, conform to this condition. 

** Calculated on the basis of an initial concentration of 
310 milliosmols per liter of water in blood, and of a water 
content of 0.80 gram per gram of blood. 

TABLE lu 


Corpuscular volume and hemoglobin concentration of erythro- 
cytes stored tn 3 dilutions of ACD solution 


Preservative 

solution 

Corpuscular volume 

Corpuscular hemoglobin 

Heparin i 

89.0 ±1.4 

per cent 
of 

**normal”* 

grams 

per 

100 ml. 

34.0 ±0.4 

Per cent 
of 

ACD-15 

95.3 ±0.4 

107 

31.8±0.4 

94 

ACD-20 

97.9±0.8 

109 ' 

3 1.3 ±0.4 

92 

ACD-25 

99.5 ±0.8 

112 

30.6±0.2 

90 


* The values in heparinized blood samples have been 
designated as “normal.” 


The osmotic characteristics of the solutions employed 
are given in Table II. In Table III are summarized data 
on the initial corpuscular volume and hemoglobin con- 
centration of erythrocytes in the 3 preservatives. The 
results are in good agreement with the hypothesis ijre- 
viously discussed (1). 

During storage the corpuscular %'olumcs remained un- 
changed at their respective values, despite increasing 
acidification of the blood, a finding which, if interpreted 
in a manner similar to that used previously, indicates es- 
cape of cations from the red cell in amounts proportional 
to the degree of ionization of hemoglobin as a cation. 

RESULTS 

From an inspection of the data in Figures 1 to 4 
it is evident tliat the 3 dilutions of ACD solution 
differed in no respect from one another. More- 


over there was no significant difference in any of 
the indices betiveen the present series of experi- 
ments and those carried out previously with an 
acid citrate-glucose solution of double content of 
glucose (ACD-I). 

The data on- the regression lines of the indi- 
viduals indicate that the diflFerences between them 
were many-fold greater than the differences en- 
countered between different samples of blood of 1 
individual. Such data signify clearly, on the one 
hand, the advantages of comparing presen^atives 
on one blood, and, on the other hand, the variabil- 
ity that may be expected when bloods of different 
individuals are compared. With in vitro testing 
the variability arises from differences among do- 
nors alone ; it may be surmised that even greater 
differences will be found by chance alone, when 
in vivo tests are carried out under conditions where 
the cumulative variations of donor and recipient 
exert their influence. 

DISCUSSION 

The data presented clearly indicate that AQD- 
15 (ACD-G) solution is in no way inferior to tlie 
ACD solution originally described. In addition, 
the new solution has the advantage of entailing 
less dilution of blood, with the result that the final 
plasma protein concentration, calculated on the as- 
sumption of an initial concentration of 7 grams per 
100 ml., is about 5.8 grams per 100 ml., that is, es- 
sentially the same as that in plasma of citrated 
blood. The explanation for the equality of the 
plasma protein concentrations in the 2 media lies 
in differences in the volume assumed the erjih- 
roc}'tes. While the cells in citrate shrink by about 

4 per cent, those in ACD-15 solution swell by 
about 7 per cent. The water shifts in opposite 
direction tend to cancel the existing difference of 

5 per cent in the dilution of blood. A second ad- 
vantage of ACD-15 solution as compared with the 
old acid citrate-glucose mixture is the reduced 
amount of glucose, which should lessen the diffi- 
culties in the preparation of dried plasma. 

SUMMARY 

In a comparison of 3 dilutions of ACD solution 
it was found that the extent of dilution of blood 
■ may be reduced to 15 ml. per 100 ml. without af- 
fecting the preservation of red cells ; also, that the 
amount of glucose may be reduced to % of that in 



mg. /lOOcc. 
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the original ACD*solution. A greater variability 
among bloods of different individuals as compared 
with different blood samples of one individual has 
been demonstrated. 
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The possibility of utilizing erythrocytes remain- 
ing after the removal of plasma has been of in- 
creasing interest in the last years with the expand- 
ing use of plasma and its derivatives and with 
better understanding of the clinical use of red cells. 
Although several reports of the large-scale use of 
resuspended cells are available (1 to 9), only 
scant information exists on in vitro changes tak- 
ing place in separated red cells during storage in 
the packed state or in resuspension. The present 
study, part of an investigation dealing with in 
vitro changes of stored blood, is concerned with 
dimensional, osmotic, and chemical changes of 
separated cells . In view of the fact that the Ameri- 
can Red Cross during the war collected blood in 
simple citrate solution as well as in ACD solution, 
depending on whether the blood was to be used as 
such or for the preparation of plasma, both types of 
cells, those derived from bloods collected in simple 
citrate solution and those from bloods collected in 
ACD solution, were studied. The purposes of the 
study may be defined as follows; (i) to establish 
the validity of in vitro testing of separated red cells 
and (2) to delimit, if possible, the optimum con- 
ditions of storage and the best type of resuspension 
fluid for separated cells. In most instances the 
report will be limited to a presentation of changes 
of 4 indices of blood preservation : (I) hemolysis 
in 0.6 per cent NaCl solution, (2) changes in cellu- 
lar thickness, (3) adenosine triphosphate content, 
and (4) gljTolyzing power of erj'throcytes. Com- 
plete measurements of dimensional changes, in- 
cluding diameter, surface and volume; of the os- 
motic behavior ; and of the phosphorus and cation 
distributions were performed as described in the 
first paper of this series (10), but are omitted here 

I The work described in this paper was done under a 
contract, recommended by the Committee on Medical 
Researclr, between the Office of Scientific Research and 


for the sake of conciseness. The results of these 
studies in all instances supplemented and con- 
firmed the data to be reported. 

METHODS 

Bloods were collected at the Blood Bank of the Cin- 
cinnati General Hospital in a maimer earlier described 
(10). They were centrifuged, the plasma separated 24 
hours after collection, and the blood cells promptly re- 
suspended in an equal volume of resuspension fluid. 
After mixing they w'ere distributed into a series of vials 
and stored at 4° C. until the time of testing. In the ex- 
periments on preservation of cells stored in the packed 
state, the packed cells were left undisturbed until im- 
mediately prior to testing, when they were diluted with 
an equal volume of 0.9 per cent NaQ solution. A series 
of 16 bloods were collected in the Blood Bank of the 
American Red Cross in Indianapolis, resuspended in the 
Lilly Research Laboratories, and shipped to Cincinnati 
by Railway Express. This series of experiments was 
undertaken in order to test the preservation of red cells 
under actual conditions of practice. Since the bloods did 
not differ significantly from those studied under laboratory 
conditions, results on them were combined with the other 
data. A list of the principal resuspension fluids used is 
given in Table I. The fluids were made up in such a way 


TABLE I 

Composition of mixtures for the resuspension of blood cells 


Mixture 

Citric add 

Total 

dtrate 

Glucose 

Plas- 

ma 

pH 


mem. 

ter 

wo ml. 
cetts 

mlf. 

per 

100 ml. 
uUs 

mSf. 

ter 

100 ml. 
diluent 

grams per 
100 ml. 
f.rusl 
mixture 


CjD, 

30 

0.14 

IJZ 

03 

7.04 

CsEi 

60 

0.29 

132 

03 

6.96 

CjFj 

90 

0.43 

132 

03 

036 

C,G» 

120 

0^7 

\32 

03 

6.79 

Ct 

0 

0 

\32 

03 


CiE, 

Globulin 3 per cent* 

60 

OJS) 

\32 

03 

7.04 

CtE, 

Knox Ktlatin S tier cent* 

60 

0JZ9 

\32 

03 

7.02 

CiE* 

Oxypolygelalin 4 per cent* j 

60 

0.29 

131 

03 

7.03 


The mLxtures were made up with 80 ml. of 0.9 per cent 
NaCl and sufficient water to give a final volume of 100 ml. 
They were added in equal volume to separated blood cells. 

* These products were brought to a pH of 7.0 by addi- 
tions of NaOH or HCI before they were mixed with the 
other ingredients of the preservative solutions. 
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as to keep the final concentration of total citrate and of 
dextrose constant after mixture with blood, while varying 
the proportions of citric acid and of trisodium citrate. 
The amount of citric acid was adjusted in such a manner 
as to cover the range between pH of 6.80 and 7.05 in the 
suspension after mixture with the red cells, taking into 
account the buffering properties of hemoglobin, the amount 
of lactic acid formed before resuspension, and the ab- 
sence of plasma buffers. Colloids, where added, were 
brought to a pH of 7.0, which is close to the pH of the 
resuspended blood cells themselves, before they were 
mixed with the other ingredients of the preservative 
solutions. This was an important consideration, in view 
of the fact that the various products had varying initial 
pH values, 7.44, 6.74, and 5.63, for the globulin, gelatin, 
and oxypolygelatin preparations, respectively. Also their 
buffering powers varied considerably. A number of other 
resuspension fluids were prepared and tested but are 
omitted from this list since they did not differ significantly 
in their characteristics from the series tabulated. 

RESULTS 

"'Spontaneous” hemolysis of resuspended cells 

The measurement of so-called spontaneous he- 
molysis (hemolglobin in the supernatant fluid after 
centrifugation), used as a measure of blood pres- 
ervation by some observers (11 to 14), appeared 
of particular interest in view of earlier indications 
that this test may give results in disagreement 
with other indices of preservation in bloods stored 
in solutions entailing great dilution or in suspen- 
sions of separated blood cells. In Figure 1 is pre- 
sented graphically a comparison of “spontaneous” 
hemolysis with that in 0.9 per cent NaCl solution 
for erythrocytes stored as whole blood in various 
mixtures entailing less than 25 per cent dilution 
and for erythrocytes in resuspension. It may be 
seen that for whole blood both measurements usu- 
ally gave comparable results, as indicated by the 
tendency of the values to group themselves around 
the diagonal line, while the values for all cell sus- 
pensions were above the diagonal, indicating that 
“spontaneous” hemolysis was much less than he- 
molysis in 0.9 per cent NaCl solution. It may be 
recalled that in earlier papers a general parallelism 
between hemolysis in various concentrations of 
NaCl, including 0.9 per cent NaCl solution and 
other indices of blood preservation, was demon- 
strated. Under the conditions described here, in 
resuspended cells, no correlation is found between 
“spontaneous” hemolysis, on the one hand, and he- 
molysis in 0.9 per cent NaCl solution or any of the 



Fig. 1. Comparison of Spontaneous Hemolysis and 
Hemolysis in 0.9 Per Cent NaCl Solution of Resus- 
pended Cells and of Whole Blood 


other criteria of blood preservation, on tlie other. 
Spontaneous hemolysis under such circumstances 
is a fallacious index of the state of the red cell. 

Optimal acidity of resuspension fluids 

The beneficial effect of acidification of whole 
blood to a pH of about 7.0 on the preservation of 
erythrocytes has been established. Experiments 
were therefore undertaken to define the optimal 
amount of acid to be used in the resuspension of 
“citrate” cells and "ACD” cells, that is, cells de- 
rived from blood collected in simple citrate and 
ACD mixtures, respectively. The suspension 
fluids, designed to produce acidification to a vary- 
ing degree and the pH values measured after sus- 
pension of the red cells, are listed in Table I. In 
the left-hand side of Figure 2 are presented data 
on the hemolysis in 0.6 per cent NaCl solution, 
cellular thickness, and adenosine triphosphate con- 
tent of 2 suspensions of “citrate” cells after 15 days 
of storage. These indices are plotted against the 
amounts of citric acid added. It would appear 
from the data that 30 to 75 mgm., that is, 0.14 to 
0.35 mM. of citric acid per 100 ml. of cells, pro- 
vide optimal acidity for the resuspension of “ci- 
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CITRATE CELLS 
AFTER 15 DAYS OF STORAGE 



gj , , p 



Fig. 2. Changes in 3 Indices of "Citrate" and "ACD' 

trate” cells, while greater acidification has deleteri- 
ous effects. 

In the right-hand side of the same figure is pre- 
sented a similar experiment designed to establish 
the optimal amount of acid for the resuspension of 
"ACD” cells. It is apparent that there was no 
significant difference in the preservation of red 
cells over the entire range of acidity studied. 

Comparison oj cells from bloods collected in simple 
eitrafe and in ACD solution 

In graphs A to C of Figure 3 are charted the in- 
dividual data and in graph D the averages on the 
percentage of erj'throcjdes hemolyzed in 0.6 per 
cent NaQ solution after varj'ing periods of storage 
and their regression lines. It may be seen that "ci- 
trate-cells,” even if resuspended in ACD solution. 


ACD CELLS 

AFTER 22 DAYS OF STORAGE 




Mg. CITRIC acid” PER lOOcc. RB.C. 


Celts Resuspended in Solutions of Varying Acidity 

were less well presented than "ACD-cells.” Data 
on changes in thickness, adenosine triphosphate 
content, glycolyzing power, and potassium con- 
tent of erythroc 3 d:es, presented in a summary^ man- 
ner in Figure 4, confirm the conclusions based on 
the osmotic behavior of the red cells. In Table II 
are presented the numerical values for the regres- 
sion equations of the 5 indices against time. It 
may be seen that the changes in all characteristics 
of the red cell progressed at their most rapid rate 
in citrate cells suspended in neutral solution and 
most slowly in ACD cells. It is noteworthy that 
the values of the various indices extrapolated to 
zero time approximated those actually’ obsen-ed in 
whole blood at the beginning of storage, indicating 
that the changes in resuspended cells tended to pro- 
gress at an approximately linear rate. These find- 
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ings support the opinion that conditions during the 
first 24 hours of storage are of decisive importance 
for the subsequent survival of red cells. The state 
of preservation of resuspended cells at a given time 
is more variable than that of whole blood, as shown 
by the wide scatter of points in the graphs. There 
is some indication, both from inspection of the data 
and of the errors of the regression coefficients, 
that “ACD-cells” are more uniformly preserved 
than are "citrate-cells.” Finally, it should be em- 
phasized that all cells separated from their plasma, 



Fig. 3. Comparison with Respect to Hemolysis in 0.( 
Collected in Citrate and ACD Solution ani 


including ACD-cells, are less well preserved than 
those of corresponding whole bloods. 

Comparsion oj preservation oj erythrocytes stored 
in the packed stale and in resuspension 

In Table III is presented a comparison in 2 sam- 
ples of blood of the preservation of cells stored in 
the packed state and in resuspension, from which it 
may be seen that there was no significant differ- 
ence in any of the indices between the 2 modes of 
storage. 




Per Cent NaCl Solution of Cells Derived from Blood 
Resuspended in Neutral and Acid Solutions 
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Fig. 4. Comparisok of "Citrate” and “ACD” Cells Suspended in Neutral and Acid Solution with Respect 
TO (1) Mean Thickness, (2) Adenosine Triphosphate, (3) Potassium Content and (4) Glycolysis Rate 


The effect oj globulin, gelatin, and oxypolygelatin 
on the preservation oj resuspended red cells 

With the possibility in mind that the inferior 
presen-ation of separated red cells may be caused 
by the absence of the colloidal properties of the 
plasma proteins, the effect of several high-molecu- 


lar substances on the preservation of red cells was 
tested. In Table IV are presented data on an ex- 
periment carried out on 2 bloods, in which the ef- 
fect of globulin (Cohn fraction IV-3, 4), gelatin 
(Knox P 16-180) and oxypolygelatin on the pres- 
ervation of “citrate” cells was compared with that 
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TABLE II 


Changes of 5 indices of prcscrvalion during storage of resuspended cells 
Regression equations and their sampling errors 


Cells and solution 

Hemolysis of cells in 
0.6 per cent NaCl 

Cell thickness 

ATP content 
of cells 

Glycolysis rate 
of cells 

Potassium in cells 

Citrate-cells in 
saline 

per cent 

-13.1-f5.6.-c 

rfcO.47 

n 

i.n+omsx 

±0.009 

jiijm. per JOO ml. 

11.5-0.89.V 

±0.13 

mem, per JOO ml, 
per hour 

42.5-3.40.1: 

±0.43 

TTt.eQ, per liter 

88.4 -1.7x 
±0.71 

Citrate-cells in 

ACD solution 

-5.8-f2.7j: 

±0.33 

1.99-f0.054.r 

±0.009 

11.6-0.39.V 

±0.04 

52.7-l.66x 

±0.16 

1 

86.5 — 1.3x 
±0.19 

ACD-cells in ACD 
solution 

-l.l-fl.5j: 

■ ±0.15 

2.27-f0.023j: 

±0.003 

11.7-0.35j: 

±0.02 

46.8-l.20x 

±0.20 

85.5— l.Ox 
±0.05 


of a standard acid resuspension fluid. As may be 
seen from the data, no particular effect, favorable 
or unfavorable, was obtained by the addition of 
these materials. In other experiments not reported 
here, dextrin and small amounts of plasma protein 
in concentrations up to 1 per cent likewise failed to 
affect the preservation of cells. 

The presei-vation of erythrocytes centrifuged and 
resuspended in ozvn plasma 

The data presented in Table V indicate that 
there was no difference in the preservation be- 
tween the portion of blood that had been centri- 
fuged and the one which had been left undisturbed, 
while the separated red cells showed distinctly in- 
ferior preservation. It would seem, therefore, that 
mechanical factors play a minor part in the deter- 
mination of the preservation of the red cell. 

TABLE m 

Comparison of preservation of erythrocytes stored in the 
packed state and in resuspension 

The cells studied were derived from blood collected in 
ACD-IS (ACD-G) solution. 


Sample and 
condition 

Stor- 

age 

1^- 

nod 

Diam- 

eter 

Thick- 

ness 

Hemol- 
ysis in 
0.6 per 
cent 
NaCl 

ATP 

Glycoly- 
sis rate 


days 

pi 


per 

mgm, 1 
per 

mgm. per 
JOO ml. 

Sm. cells 

20 

7.2 

2.35 

cent 

32.3 

100 ml. 

5.1 

per hour 

29 

Sm. suspension* 

20 

7.2 

2.38 

31.4 

6.8 

22 

As. cells 

24 

7.0 

2.71 

27.7 

3.1 

30 

As. suspension* 

24 

7.0 

1 

2.80 

27.1 

3.5 

1 

31 


* Mi.xture Cj, a neutral* citrate-saline-dextrose diluent, 
added in equal amount to the separated cells. 


SUMMARY 

With certain limitations in vitro testing is applic- 
able to the study of resuspended red cells as well as 
to whole blood. A comparison of the changes of 


TABLE IV 

Effect of the addition of globulht, gelatin, and oxypolygelatin 
on the preservation of resuspended red cells 
The cells studied were derived from blood collected in 
simple citrate solution. 


Sample and 
mixture 

Stor- 

age 

pe- 

riod 

Thick- 

ness 

Hemol- 
ysis in 
0.6 per 
cent 
NaCl 

ATP 

Glycoly- 
sis rate 

pH 





ingm» 

mgm. per 



days 

M 

per 

per 

JOO ml. 





cent 

JOO ml. 

of cells 







per hour 


Ap.-CsEe* 

3 

2.30 

4.9 

8.8 

56 

7.04 


11 

2.38 

12.1 

8.0 

34 

6.66 


18 

2.61 

24.6 

1 

6.5 

30 

6.50 

Ap. globulin 

2 

2.37 

1.8 

9.3 

56 

7.01 

3 per cent 

12 

2.46 

10.7 

8.3 


6.61 

(Cohn Fr. 

19 

2.71 

40.2 

64 

27 

6.50 

IV-3-4) 


i 





Ad. oxvDolveela- 

11 

2.48 

7.1 

9.2 

33 

6.63 

tin 4 per cent 

19 

2.68 

30.0 

2.4 

17 

6.50 

Pa. C 2 E 2 * 

2 

2.39 

4.8 

9.1 

51 

7.02 


12 

2.74 

26.7 

6.0 


6.56 

1 

19 

2.84 

50.8 

3.0 

13 

6.44 

Pa. globulin 

3 

2.49 

3.3 

9.0 

50 

7.02 

3 per cent 

11 

2.55 

13.0 

6.9 

26 

6.61 

(Cohn Fr. 

18 

2.88 

49.1 

4.2 

12 

6.49 

IV-3-4) 







Pa. gelatin 


2.64 

11.7 



6.59 

5 per cent 

! 19 

2.98 

50.8 

1.9 

12 

6.44 

(KnoxP16-180) 







Pa. oxvpolveela- 

12 

2.68 

20.4 



6.62 

tin 4 per cent 

18 

2.96 

47.9 

3.0 

11 

6.49 


*■ The composition of this mixture is given in Table I. 
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TABLE V 

Tile preservalion of erythrocytes, centrifuged and 
resuspended in own plasma 

The blood studied was collected in ACD solution. One 
portion was left undisturbed, another one was centrifuged 
for 2 hours and resuspended, and a third one was centri- 
fuged, the plasma removed and replaced by an acid crys- 
talloid resuspension solution. Measurements of preserva- 
tion were carried out after 17 days of storage. 


Condition of 
sample 

'Di- 
am- 
! eter 

1 

Thick- 

ness 

Hemolysis 

in 




0.9 

per 

cent 

KaCl 

1 0.6 
per 
cent 
NaCI 

, ATP 

1 

: Potas- 
1 slum 

pH 

Undisturbed 

p 1 

7.2 

P 

2.60 

fier 

cent 

1.1 

ijer 

cent 

33.2 

' rngm. i>er 
100 mt. 
of cells 

6.2 

m.eq.per 
liter of 
cells 

71.5 

6.58 

Centrifuged 
and resus- 
pended in 
own plasma 

7.2 

2.65 

1.0 

35.7 

6.8 

70.4 

6.61 

Resuspended 
in crj'stalloid 
solution 

6.8 

3.11 

! 

2.3 

49.1! 

4.4 1 

63.2 

6.55 


the various indices in vitro indicates that they 
maintain similar relationships with each other as 
they do in whole blood. Even under the best con- 
ditions the preservation of separated red cells is 
inferior and much more variable than that of the 
cells of corresponding whole blood. Cells derived 
from bloods collected in ACD solution are better 
preserved than those derived from bloods collected 
in citrate solution. The preservation of cells from 
citrate blood may be improved by resuspension in 
acidified solutions, but even then they are not so 
well preserved as ACD cells. Such data indicate 
that processes taking place in the first 24 hours of 
storage before the cells are separated have a de- 
termining influence on the course of the subsequent 
preservation. The optimal acidity for the preser- 
vation of citrated cells may be defined within the 
limits of 0.14 to 0.35 mM. of citric acid per 100 ml. 
of cells. ACD cells may be conveniently and ad- 
vantageously stored in packed form. The cause 
of the inferior preservation of separated red cells is 
unknown at present. Addition of globulin or gela- 


tin products does not appear to improve their 
preserv'ation. 

I should like to thank Dr. C. G. Culbertson and Mrs. 
H. Zerfas of the Blood Donor Service of the American 
Red Cross in Indianapolis and Mr. W. A. Jamieson of 
the Lilly Research Laboratories for their cooperation in 
obtaining samples of blood cells. 
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The degree of resistance of red cells to a decrease 
of the salt content of their environment has long 
been used experimentally as one measure of their 
viability and clinically as a diagnostic character- 
istic. The experimental basis for this measure has 
been the fact that when any red cell, of a population 
of red cells, reaches a certain volume (the hemo- 
lytic volume, Jacobs [1]), the hemoglobin of that 
cell diffuses to equilibrium inside and outside the 
cell, usually without rupture of the plasma mem- 
brane of the cell. Since any given population of 
red cells possesses individual cells which differ 
from one another in the volume at which hemo- 
globin is permitted to diffuse out, the osmotic re- 
sistance of such a population of red cells is as- 
sumed to follow a normal probability distribution. 
In fact, the “Fragility Test” ® is based on this as- 
sumption. This is a reasonable assumption for 
freshly collected red cells of normal man (Figure 
1) (Hunter [2], Guest and Wing [3]). , 

Clinical data on fragility and frequently labora- 
tory experimental data have been collected by 
visual selection of the salt concentration at which 
the maximal and minimal degree of hemolysis oc- 
curs. Unfortunately this method of observation 
means that the data have been obtained on the 
least accurate parts of the osmotic resistance curve, 
namely at its extremes. In these extreme regions 
of the curve, small differences in the degree of 
hemolysis correspond with large differences of 
salt concentration (Figure 1) ; and, hence, one 
would expect divergent results, particularly since 

1 The work described in this paper was done under a 
contract recommended by the Committee on Medical Re- 
search, between the Office of Scientific Research and De- 
velopment and Princeton University. 

- The term “Osmotic Resistance” will be used through- 
out this paper in a sense that is somewhat analagous to 
the term “Fragility.” It is used because it more ade- 
quately defines tlie physical changes occurring in red cells 
under these conditions than does the term fragility. 


subjective, visual observation of the degree of 
hemolysis has been used. 

During the course of studies on the storage of whole 
blood it became necessary to determine accurately the 
variation in osmotic resistance of stored red cells. A 
method was devised for this purpose which in some re- 
spects is similar to that of Hunter (2). It took into ac- 
count, however, several factors which markedly affect 
the normal osmotic resistance (Jacobs and Parpart [4]). 
The chief factor is the pH of the sodium chloride solu- 
tions (Figure 1). It is obvious from these curves that it 
is necessary to buffer the salt solutions. For this reason 
a stock solution was prepared containing the following: 
180.00 grams NaCl, 27.31 grams NasHPOj, 3.74 grams 
NaHsPOj, all made up to 2 liters with distilled water. 
This “Stock NaCl-P04” solution is equivalent to a 10 
per cent solution of NaCl and will keep for a number of 
months. 

The salt concentrations for measurement of the osmotic 
resistance were prepared from this stock solution as fol- 
lows : 

A calibrated 50 ml. burette was filled with the “Stock 
NaCl-POi” solution and the volumes given in column '2, 
Table I, run into a 250-ml. volumetric flask. This was 


TABLE I 


Column 1 

NaCI-POi 

Column 2 

Stock NaCl-POi 
made up to 

250 ml. 

Column 3 

Stock NaCl-POi 
made up to 

250 ml. 

“Complementary 

Solutions" 

per cent 

ml. 

nil. 

0.8 

20.00 

30.00 

0.75 

18.75 

31.25 

0.70 

17.50 

32.50 

0.65 

16.25 

33.75 

0.60 

15.00 

35.00 

0.55 

13.75 

36.25 

0.50 

12.50 

37.50 

0.45 

11.25 

38.75 

0.40 

10.00 

40.00 

0.35 

8.75 

41.25 

0.30 

7.50 

42.50 

0.25 

6.25 

43.75 

0.20 

5.00 

45.00 

0.10 

2.50 

47.50 


made up to the 250-ml, mark with distilled water and put 
into a glass stoppered pyrex bottle labeled with the salt 
concentration shown in column 1. The pH of these salt 
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Fig, 1. Osmotic Resistakce Curves of Normal Human Blood (Male, White) as Affected 

BY THE pH of the Salt Solutions 

The per cent NaCl-PO* is equivalent to per cent NaCl of the usual fragility plot Curve B 
is the average of determinations on the blood of 12 normal young men, no individual sample of 
which varied by more than 0.015 per cent NaQ from the average. 


solutions is 7.40. The remainder (as shown in column 3, 
Table I) of each 50 ml. of Stock NaCl-POj used for a 
particular salt concentration was also run into a 250-ml. 
flask made up with distilled water and stored in pyrex 
bottles labeled Co.s; Co.ts, etc. 

The osmotic resistance series was set up by transferring 
5 ml. of each of the salt concentrations to centrifuge tubes 
and adding 0.020 ml. of citrated blood (4 mgm. NajQHiOj- 
2 HjO, added dry, per ml. blood). The transfers were 
made with a 5-ml. syringe fitted with a 3-inch No. 18 
needle, and the blood was added from a hemoglobin 
pipette. The blood and the salt solution were equilibrated 
for 45 minutes. At this time the hemolytic process was 
stopped by the addition of the corresponding “Comple- 
mentary Solution” (Co.s; Co. 75 , etc.), column 3, Table I. 
Thus, the osmotic pressure around the unhemolyzed cells 
was returned to normal tonicity and further hemolysis 
stopped. 

The percentage hemolysis was then determined either 
by a calibrated photoelectric densitometric method (Par- 
part [5]) ; or by centrifuging of the blood-salt solutions 
for 5 minutes at 1,500 r.p.m. ; removing ^ the supernatant 
cell-free hemoglobin solution and determining its con- 
centration in a photoelectric colorimeter at the wave 
length 540 nv. 

Calibration for the per cent hemolysis was run on the 

® A syringe fitted with a long No, 18 needle, whose end 
is bent up to form a J, is convenient for removing the 
hemoglobin solution. 


same sample of blood. Where a photoelectric colorimeter 
is used to read the amount of hemoglobin in the super- 
natant solution, the calibration is performed as follows; 

Transfer 5 ml. of 0.1 per cent NaQ-POt solution to a 
test tube and add 0.020 ml. of blood; allow to stand for 
15 minutes, then add 5 ml. of Co.i. Mix well and read in 
colorimeter. This reading gives the value for 100 per 
cent hemolysis. If the hemoglobin solutions in the par- 
ticular photoelectric system used have been shown to 
obey Beer’s Law, the per cent hemolysis in the various 
salt solutions may be calculated as follows: 

Dnp . — ^ hemolysis 

/'lOOperwst 

where the optical densitj', D, equals the logia of the re- 
ciprocal of the transmission value obtained in the color- 
imeter. Uico per cent is that for the calibration solution: 
O.ip. is that for the supernatant fluid of any particular 
blood-salt solution. 

In the practical use of this method one soon learns that 
not all of the 14 salt solutions recommended in Table I 
need be used for every sample of blood. Occasionally, 
finer gradations of salt concentration (c.g., 0J325, OJ37S, 
0.425, 0.475 etc.), may be needed. Such intermediate salt 
concentrations are readily prepared by mixing equal 
volumes of the salt solution in Table I above and belo'.v 
the desired concentration. 

Two verj- useful criteria of osmotic resistance 
come out of data obtained in this way. By using 
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% Hemolysis 



Fig. 2. A Probability Plot of the Osmotic Resist- 
ance Curves of Figure 1 

This figure illustrates the ease with which the spread 
and the median of osmotic resistance may be determined 
graphically. 

Probability Paper/ (Hunter [2]), the spread of 
the osmotic resistance and the median may be ob- 
tained graphically (Figure 2). It shoud be em- 
phasized that accurate data on the spread and the 
median can be obtained only if 3 or more of the 
salt concentrations used give degrees of hemolysis 
between 10 per cent and 90 per cent (i.e., in the 
critical concentration range) . 

The importance of stopping the hemolytic proc- 
ess at a fixed time by the addition of the comple- 
mentary solution, is illustrated in Figure 3. These 
data were obtained by putting 0.020 ml. of blood 
into 5-ml. samples of salt solution which had been 
brought to and were kept Vt the temperatures 
given and at the time indicated on the abscissa, 
adding 5 ml. of the complementary solution, and 

* Keuffel and Esser Probability^ Paper No. 359-23. 


determining the per cent hemolysis in the manner 
described. Red cells equilibrated for 45 minutes 
at' 20° ± 0.1° C. in a hypotonic salt solution caus- 
ing about 20 per cent hemolysis, are very near the 
equilibrium per cent of hemolysis. At higher 
temperatures the equilibrium is attained more 
rapidly (5 to 10 minutes at 40°) ; the Q^r, is of the 
order of 2.6. At temperatures below 20° C. a 
time increasingly longer than 45 minutes must be 
allowed for attainment of equilibrium, particularly 
for blood in salt solutions which cause less than 50 
per cent hemolysis. At 10° C. equilibrium is 
reached after about 2 hours. When a salt solution 
of low concentration, which brings about com- 
plete hemolysis, is used the equilibrium is reached 
in a few minutes even at 10° C., (Jacobs, Glassman 
and Parpart [6]). 

If room temperatures fluctuate widely, consist- 
ent data on the osmotic resistance can be obtained 
only b}’’ equilibrating the blood-salt solutions in a 
water bath the temperature of which does not vary 
by more than a degree. A further, though less 
striking, illustration of this point is presented in 
the data on the spread and median of the osmotic 
resistance of normal human blood at 10°, 20°, 30° 
and 40°, as given in a probability plot (Figure 4). 
As would be expected the osmotic resistance in- 
creases (fragility decreases), with increasing tem- 
perature (Jacobs and Parpart [4]). Thus, the 
spread at 10° is from 0.330 to 0.531 per cent NaCl- 



Fig. 3. Illustrates the Rate at Which the Equi- 
librium Degree of Hemolysis is Attained at 3 Tem- 
peratures 

Salt concentrations were chosen (from data in Figure 
4) so that the equilibrium degree of hemolysis (17 to 20 
per cent) would be approximately the same at the 3 tem- 
peratures. Details are given in the text. 
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The data on the effect of pH on the osmotic re- 
sistance (Figures 1 and 2). clearly demonstrate 
that this factor must be adequately controlled if 
reliable results are to be obtained. Examination 
of the data in Figure 2 will show that a change of 
pH by 0.1 of a pH unit is equivalent to altering the 
salt concentration by 0.01 per cent. The extreme 
variation for 12 normal adult males (curve B, 
Figure 2), is 0.02 per cent of salt concentration ; if 
the pH had not been carefully controlled, this vari- 
ation could have been caused by a shift of only 0.2 
of a pH unit. 

The osmotic resistance of blood may be greatly 
altered if it is collected under conditions where a 
large volume of an isosmotic glucose solution is 
added to it or where the salt content of the fluid 
surrounding the cells is reduced. Thus the red 
cells of blood collected by the method of De Gowin 
(7) have their median osmotic resistance 
(M.O.R.) at 0.800 per cent NaCl within 3 hours 
after collection, instead of at the normal M.O.R. 
of 0.425 per cent^NaCl (curve B, Figure 1). On 

• Siot ^changes ancm^^ solutions 

p!rlrt [81) which lead to an incrc.yc..,,lcrgo 

1 arpan loi; ibe environment i 

changes m osmotic pressu _ 
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A study of the storage of whole blood presents 
numerous problems in the field of cellular physi- 
ology. An understanding and solution of these 
problems can be of great aid in prolonging the via- 
bility of red cells of stored blood. 

A major part of the problem centers around ex- 
perimental studies on the influence of a number of 
environmental factors on survival. The more im- 
portant factors are: temperature, range and opti- 
mum ; degree of dilution ; tonicity of the diluent ; 
composition of the diluent; ion balance, mainte- 
nance of the colloidal osmotic pressure; pH 
range and optimum ; buffer systems ; glucose and 
rate of glycolysis; acid metabolite formation. 

There have been many studies of the effect of 
some of these environmental factors on blood 
storage. In most cases, however, they have been 
studied as isolated, incomplete events by methods 
that frequently did not allow proper judgment of 
the state of preservation of the red cells. More 
recently, several excellent studies along these 
lines have appeared (Loutit [1] ). 

It is essential that an in vitro study of the blood 
preservation be accomplished by a thorough exami- 
nation of a number of carefully controlled experi- 
mental criteria. We have found that the correla- 
tion obtained from the following in vitro methods 
permits one to arrive at a reasonable judgment of 
the state of preservation of the stored red cells and 
to predict the in vivo survival of such cells. Such 
predictions have been confirmed by in vivo tests 
(Gibson, cf a/ [2]). 

Iff VITRO METHODS EMPLOYED IN THESE STUDIES 

1. The' degree oj spontaneous hemolysis, obtained spec- 
trophotometrically on the plasma after thorough re- 

^ The work described in this paper was done under a 
contract recommended by the Committee on Medical Re- 
search, between the Office of Scientific Research and De- 
velopment and Princeton University. 


suspension of the cells and subsequent separation in an 
air turbine (Chase, et al [3]). 

2. The mean and spread of the osmotic resistance, de- 
termined by an experimental analysis of the full curve of 
osmotic resistance, in buffered salt solution at fixed pH 
and temperature (Parpart, et al [4]). 

3. Pate of loss of potassium from the red cells, obtained 
by potassium analysis on red cells and plasma (Weichsel- 
baum, Somogyi, and Rusk [S]). 

4. The rate of glycolysis, as determined by the rate of 
disappearance of glucose from the stored blood (Hoffman 
16]). 

5. Rate and amount of lactic acid formation (Barker 
and Summerson 17]). 

6. Changes in hydrogen ion concentration of the plasma, 
by glass electrode measurements. 

7. Hematocrit and cell volume changes, determined by 
an accurate (standard deviation of 0.86 per cent) air 
turbine method (Parpart and Ballentine [8]). 

8. Initial total hemoglobin, mcthemoglobin formation and 
cell counts, methods of Chase, el al (3) and Parpart (9). 

9. Rate of exchange of anions across the membrane of 
the red cells, measured photoelectrically (Parpart [10]). 

10. Rate of passage of non-toxic organic molecules into 
the red cells, measured photoelectrically (Parpart [10]). 

All of the data reported in this paper were obtained on 
blood samples collected by venipuncture from healthy hu- 
man males (18 to 40 years of age). 


Appropriate correl/ ns between these criteria 
have served as a satr ctory index of the state of 
preservation obtaine n the various procedures we 
have applied to stcf blood. The results of these 
studies will be o'- aed under separate headings, 
though it is imr^ ant to realize that this separa- 
tion is purely/' convenience. Only full cog- 
nizance of the interaction of the various variables 
studied will allow for proper comprehension of the 
factors involved in blood storage. 

1. Optimal temperature for preservation. 

Studies have been made on whole blood samples 
stored at different temperatures under a variety of 
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Fig. 1. Effect of Temperature on the Spontaneous 
Hemolysis of Stored Blood 


experimental conditions {e.g. diluted, defibrinated, 
citrated, normal, and added glucose). 

Figures 1, 2, and 3 illustrate the typical influ- 
ence of temperature on the survival of stored hu- 
man blood. These data were obtained on 270 ml. 
of blood collected in a bottle containing 30 ml. of 
3.25 per cent Na 3 C 6 H 507'2 HjO (0.11 M). This 
blood was then diluted to 70 per cent of normal 
whole blood by the addition of an isosmotic solu- 
tion (5.4 per cent) of glucose and within 30 
minutes of collection stored at the temperature in- 
dicated in the figures. 

Figure 1 gives the rate of spontaneous hemolysis 
with respect to temperature and length of storage ; 
Figure 2 presents the data on the mean osmotic 
resistance and Figure 3 illustrates the effect on the 


ability of the red cells to retain their normal po- 
tassium content. Four complete repetitions of 
these experiments gave the same results. 

It may be seen from Figures 1, 2, and 3, that the 
optimum temperatures for survival of the human 
red cell lie between 4° and 9° C. ; with an optimal 
at about 7° C. ± 1°. This has been confirmed by 
the in vivo studies of Gibson, cl al (2). 

These experimental conditions do not represent 
the best we have found for human red cell survival, 
but they do illustrate the optimal temperature con- 
ditions for such survival. 

Figure 4 presents data on survival of red cells 



Fig. 2. Effect of Temperature on the Mean Osmotic 
Resistance 
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under a variety of storage conditions at 2 different 
temperatures. One of these temperatures is in 
the optimal range (5° C.) while the other is well 
outside this range (23°), Figure 4 quite clearly 
shows that while temperature is a variable in the 
survival of stored red cells (one of prime impor- 
tance as shown in Figures 1, 2, 3), and one \Yhose 
effect is consistently in the same direction irrespec- 
tive of large variations in the composition of the en- 
vironment of stored red cells, nevertheless the ef- 
fect of temperature may be overshadowed by the 
environmental composition. Curves a and b 
(Figure 4) contrast the rate of spontaneous he- 
molysis in the case of 12 collections of carefully de- 
fibrinated blood stored at 23° (a) and 6 collections 
stored at 5° (b) respectively. These blood samples 
had nothing else done to them except defibrination. 
It may be observed that the effect of temperature 
is present but its action is slight. 

Compare these curves a and b with curves c 
and d (Figure 4). The latter 2 curves were ob- 
tained in 5 collections of blood according to the 
method of De Gowin, ef al. (11) and stored at 
23° and 5° respectively. In this case the effect 



Fic. 3. Ikfluexce of Temperature ox the Loss of 
POT.^SS tUM FROM THE Red CeLLS 



Fig. 4. Spontaxeous Hemolysis at 2 Temperatures 
IX A Variety or Solutioxs 

of temperature is exceedingly striking and could 
have been deduced from tlie effect of temperature 
on the rate of penetration of glucose into human 
red cells, since the citrated bloods stored by De 
Gowin’s method have been diluted to 40 per cent 
of their original concentration with an isosmotic 
solution of a compound that penetrates the red 
cells (5.4 per cent glucose). Such penetration of 
glucose leads to an abnormal increase in volume 
of the red cells (Figure 8). 

One may also contrast curves e and f with a 
and b (Figure 4). The only difference other 
than temperature between the stored bloods repre- 
sented in these 4 curves is the addition of sterile, 
solid glucose to give a final concentration of 0.5 
per cent added glucose to the blood samples of 
curves e and f. These latter curves are the aver- 
age for 6 and 9 indiwdual blood collections. Com- 
parison of cur\-e e with f shows a ver\' marked 
effect of temperature, over and above the strikingly 
better survival of the red cells to which glucose 
has been added. 

■ Spontaneous hemolysis with time of storage for 
90 parts of blood collected into 10 parts of an 
isosmotic Na,C,,H;0;-2 H.O (0.11 M) solution 
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is shown in curve g (Figure 4). The better, 
though still poor, preservation under these con- 
ditions as compared with defibrinated blood stored 
at 5° C. (curve b) is primarily associated with the 
dilution of the blood and not with any effect of the 
added citrate. This point will be taken up later 
under the following section on the effect of dilu- 
tion. 

Figure 4 is intended solely to illustrate further 
effects of temperature on spontaneous hemolysis. 
It is not intended, however, to indicate that any 
of the methods of preservation illustrated in it is 
better than any other Avhen considered from the 
point of view of hi vivo survival. The other in 
vitro criteria that have been used on all of the sam- 
ples of stored blood in Figure 4 indicate that none 
of these methods of preservation would give satis- 
factory in vivo survival expectancy. 


2. The degree of dilution and preservation. 

A review of the extensive literature on blood 
preservation reveals that a great variety of dilu- 
tions of the whole blood have been used. This has 
varied from 10 per cent whole blood through a 
great many intermediate degrees of dilution up to 
undiluted blood. In most cases in the literature, 
the use of a particular dilution, whether 10, 40, 
50, SO, 90 per cent of whole blood or whole blood 
itself, has been purely arbitrary with no supporting 
data for a particular dilution. Further, the tonicity 
and glucose content of the dilution medium have 
varied along with the degree of dilution. The wprk 
described below was an attempt to correlate the 
survival of red cells with the degree of dilution of 
the stored blood. 

In addition to the immediate problem of tbe 



Fig. 5. Dilution of Whole Blood with Plasma and the Spontaneous 
Hemolysis During Storage 
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degree of dilution of stored blood on the survival 
of the red cells, there is a practical aspect of this 
problem in relation to transfusion. If it is neces- 
sary to increase the available hemoglobin of a pa- 
tient, minimum dilution of the blood would be ad- 
visable. On the other hand the transfusion may 
also be used to combat dehydration, to supply glu- 
cose or salts, or plasma proteins, in which event 
high dilution of the red cells might be desirable. 
The answer to this must hinge upon a knowledge 
of what dilution is best for the sursdval of stored 
red cells. 

An obvious perfect diluent might be plasma. 
We have run 5 experiments in which the donor’s 
blood was diluted by varying amounts with its 
own plasma; A t}'pical set of such data is given 
in Figure 5. The blood used in this experiment 
was collected by venipuncture into a bottle con- 
taining enough solid Na 3 Q 07-2 HjO to give a 
final citrate content of 400 mgm. per 100 ml. of 
blood. A portion of the blood sample was trans- 
ferred to sterile centrifuge tubes and citrated 
plasma obtained from it. This citrated plasma 
was then used to dilute the original blood by the 
amount indicated on the abscissa of Figure 5. 
Each of these diluted blood samples had 500 mgm. 
of glucose added to them and they were stored at 
the optimum temperature, 7° C. One of these 
blood samples was concentrated centrifugally and 
enough plasma removed to give a final concentra- 
tion of 145 per cent relative to the whole blood 
concentration which was designated as 100 per 
cent. The blood of 3 other individuals had been 
stored and examined periodically in this way. 
Exactly similar results were obtained with only 
minor fluctuations in the absolute values. 

The data contained in Figure 5 show quite 
clearly that the optimum dilution range for red 
cell preservation, with these conditions, lies be- 
tween 80 per cent and 60 per cent of the whole 
blood concentration. It may also be noted that 
the optimum shifts from close to 80 per cent to- 
ward 60 per cent as the time of storage increases. 
On the average, blood which has been diluted to 
70 per cent of its original concentration might be 
expected to give the best preservations of its red 
cells. 

The question arises as to whether other types 
of diluents have an analogous effect. The data 
in Figure 6 illustrate this. Curv'e a (Figure 6) is 



Fig. 6. Effect of Several Diluents on the Hemoly- 
sis Rate of Stored Blood 


a plot of the degree of spontaneous hemolysis in 
blood stored for 48 days, at 7® C., under the follow- 
ing conditions. Five parts of blood w'ere collected 
into 1 part of a 3.2 per cent solution of 
NajCBHsOY’Z HjO, cold (5° C.). A portion of 
this blood had 500 mgm. per cent (mgm. per 100 
ml.) of glucose added, was stored at 7° C. and was 
examined at weekly inten’als. This appears as 
83.3 per cent of whole blood in curv'e a. Aliquots 
of the rest of this citrated blood were diluted vdth 
an isosmotic solution of glucose (5.4 per cent) 
to give the percentage concentrations of curve a. 
All were stored at 7° C. and examined at weekly 
intervals. The data in curve a (Figure 6) are 
those for the forty-eighth day of storage. They 
show that the optimum dilution lies between 60 and 
40 per cent of the whole blood concentration and 
that a dilution which gives 40 per cent of the whole 
blood concentration is close to the borderline which 
may lead to rapid hemolysis. The latter is the 
presen'ative solution used by De Gowin, ct al (11). 
The fact that survival of red cells in this solution 
is veiy poor when judged from the other in vitro 
criteria we have used has been previously men- 
tioned under Figure 4, curve d. 
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Curve b (Figure 6) contains data for blood col- 
lected into solid citrate (see page 645) while curve 
c gives data for defibrinated blood. These blood 
samples were diluted with a sterilQ isotonic salt 
solution of the following composition: NaCl, 0.90 
per cent; KCl, 0.042 per cent; NaHCOj, 0.024 
per cent ; NaHjPO.,, 0.05 per cent. They had 500 
and 1,000 mgm. per cent of glucose added respec- 
tively and were stored at 7° C. The curves repre- 
sent the degree of spontaneous hemolysis occur- 
ring at 35 and 21 days of storage respectively. The 
shapes of these curves and of curve a did not alter 
appreciably with time of storage, i.c. after the first 
week, though their position on the ordinate al- 
tered. It will be shown in section 5 that the differ- 
ence in glucose concentration of these 2 samples 
does not account for the survival differences. 

Curves b and c also show an optimum dilu- 
tion and this occurs at about 80 and 90 per cent 
of whole blood. The effect is slight until blood 
concentrations of 60 per cent or lower are exam- 
ined. It is obvious that dilutions of 60 per sent 
or greater are definitely deleterious when a bal- 
anced salt solution is used as the diluent. It is 
again noteworthy that defibrinated blood does not 
survive as well as citrated blood. 

Figures 5 and 6 are convincing evidence of the 
fact that earlier experiments in the literature on 
blood preservation which failed to take account of 
the effect of dilution on survival of the red cells 
must be considered with respect to the actual dilu- 
tion that was used. The foregoing experiments, 
combined with an analysis of data from a number 
of others, have led us to the conclusion that the 
survival time of stored red cells is increased when 
the blood is diluted. The data in Figures 5 and 6 
would further indicate that for a variety of diluents 
a dilution consisting of 70 parts of blood and 30 
parts of diluent (70 per cent whole blood) might 
be expected to give optimum survival. 

Even this value of 70 per cent must be em- 
ployed with caution, as the data of Figure 7 will 
show. In this case blood was collected into a 
minimum amount of citrate and diluted with a 6 per 
cent gelatine solution prepared in 0.9 per cent NaCl 
at pH 7.2.“ The days of storage are indicated on 


2 This diluent was supplied through the courtesy of 
Dr. D. Tourtellotte, and is a product of Knox Gelatine 
Protein Products, Inc. 



Fig. 7. Dilution with Gelatin 


the figure. Through 24 days of storage the sur- 
vival was good at all dilutions and excellent at 40 
per cent. At later periods of storage the survival 
was poor, but it is evident that the greater dilutions 
(40 and 20 per cent of whole blood concentration) 
gave better protection. 

3. Tonicity, chemical composition and colloidal 
osmotic pressure of the diluent. 

The diluent of historical interest is an isosmotic 
solution (5.4 per cent) of glucose (Rous and 
Turner [12]). They diluted whole blood as fol- 
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lows: 30 parts blood, 20 parts of 3.8 per cent 
NasQHjOt-S H;0 and 50 parts of a 5.4 per cent 
glucose solution. This has been used more re- 
cently at a 40 per cent concentration by De Gowin 
and his coworkers (11). 

Those who have used this isosmotic glucose solu- 
tion as a diluent for human red cells have ignored 
the fundamental fact that the human red cell is 
readily permeable to glucose. Thus, human blood 
collected by the methods of Rous and Turner or 
of De Gowin would be expected to show a marked 
increase in the volume of its red cells. That this 
is the case is shown in Figure- 8, curve a, which 
expresses the relation between the red cell volume 
and the degree of dilution of the whole blood, un- 
der conditions where whole citrated blood was 
diluted with isosmotic glucose solution. The 
measurements given are for the seventh and forty- 
eighth days of storage at 7° C. 

Contrasted with the very marked increase in vol- 
ume of curve a are the much smaller red cell vol- 
ume changes which occur during the storage of 
citrated blood which has been diluted with Ringer- 
Locke solution (calcium-free). The latter are 



Fig. S. Dilution .\nd Red Cell Volume 


represented in Figure 8, cun^es b and c, and are 
the data for the first and fortj'-ninth days of stor- 
age at 7° C. These diluted blood samples had 
500 mgm. of added glucose. 

The pronounced swelling of red cells diluted 
under the conditions of De Gowin or of Rous- 
Turner is the result of the penetration of the glu- 
cose. These red cells would continue to swell to 
the hemolytic volume were it not for the fact that 
they are being subjected to a shrinking effect 
brought on in part by the loss of chloride ions from 
the cells (Jacobs and Pafpart [13]). An addi- 
tional and more important factor in checking the 
swelling of human red cells diluted rvith isosmotic 
glucose solution is the rapid loss of potassium from 
these cells. Our data on potassium ion loss from 
the red cells stored imder these conditions indi- 
cate that 50 per cent of the diffusion equilibrium is 
attained between the fifth and eighth days of stor- 
age, while the outward diffusion of potassium is 
complete after 10 to 20 days. 

The balance between these several factors act- 
ing on the cell volume is a delicate one and needs 
only a slight change in environmental conditions 
{e.g. temperature rise) to cause a rapid rate of 
spontaneous hemolysis by the red cells of blood 
thus diluted, see curve c (Figure 4). Human 
blood 'stored under conditions where it is diluted 
to 40 or 30 per cent of its original concentration 
with an isosmotic glucose solution would be ex- 
pected to show verj- poor in vivo survdval of its 
red cells (Gibson [2]). 

The question has been frequently raised as to 
whether it is important to maintain the normal col- 
loidal osmotic pressure of the fluid surrounding the 
stored red cells. In an earlier section of this paper 
we have demonstrated that dilution of whole blood 
to 70 per cent of normal affords a better environ- 
ment for the survdval of the red cells. This was 
true irrespective of whether the diluent was (J) 
plasma, (2) a 6 per cent gelatine in isotonic NaCl 
solution, (2) a balanced salt solution, (4) an 
isosmotic glucose solution, or (5) an isotonic 
phosphate solution which when added to the blood 
established an initial pH of 7.1 (Figures 5, 7, 6, 
and 9). 

Diluents (7) and (2) abo%'e had normal colloidal 
osmotic pressure while the other 3 diluents re- 
duced the colloidal osmotic pressure of the plasma 
of the stored blood to 70 per cent of normal. 'The 
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Fig. 9. Comparison of Data on Phosphate Diluted Bloods 


rate of spontaneous hemolysis in these various 
diluents, however, did not differ greatly and what 
differences there are certainly cannot be ascribed 
to this factor. In fact, the survival of the red cells 
in stored blood diluted to 70 per cent of whole 
blood concentration with the phosphate solution 
(Figure 9) is much better than that in plasma 
or gelatine solution judged from our in vitro data 
and the in vivo data of Gibson (2) . 

It should be pointed out that the differences 
that do exist are outside the limits of variation of 
individual blood samples. This is also illustrated 
by Figure 9, where the degree of spontaneous he- 
molysis is plotted against the days of storage. 
The 8 individual blood samples represented in 
Figure 9 were from data taken at random over a 
period of years on citrated human blood sam- 
ples stored at 7° C. and diluted as follows: 70 
parts of whole citrated blood (4 mgm. Na 3 C(,H 507 * 
2 H 2 O per ml. of blood) and 30 parts of a solu- 
tion containing 60 volumes of 0.11 M Naj HPO^ 
and 40 volumes of 0.11 M NaH^PO^. The ini- 
tial pH of blood thus diluted is 7.1 and during 50 
days of storage drops to pH 6.7. 

Another series of tests on the influence of the 
colloidal osmotic pressure of the plasma on red 
cell survival were run on 4 different samples of 
human blood. The blood samples were collected 
into citrate (in amount indicated above), divided 
into 2 equal volumes, transferred to sterile cen- 
trifuge tubes, spun, and the major portion of the 
plasma removed asepticall}'. The plasma of 1 
) 


aliquot of cells was exactly replaced by a solution 
recommended by Gibson, viz. : 

NajCsHsOi -211:0 480 mgm. 

Glucose 1,080 mgm. 

NaCl 590 mgm. 

Cone. HCl (Sp. G. 1.19) 0.25 ml. 

made up to 100 ml. with pyrogen-free water. 

The other aliquot had its plasma replaced by the 
same solution except that 3 grams of plasma pro- 
tein- lipid Fraction IV-3, 4 Run S301, Cohn (14), 
were added to the 100 ml. of solution before re- 
placing the plasma. 

In the case of all 4 blood samples thus treated 
there was good survival over 45 days storage, but 
the difference slightly favored the solution without 
the added Fraction IV. In brief, the colloidal os- 
motic pressure of the medium surrounding human 
red cells does not appear to be a factor in their 
in vitro survival. 

4. pH range and optimum, buffering. 

The influence of pH on the survival of stored 
red cells has not been consistently investigated. 
Recently Loutit (1) has gathered together data 
on a number of samples of blood stored in acid 
citrate-dextrose that indicate that blood diluted 
with this solution and having an initial pH of 7.1 
to 7.3 shows a better survival of its red cells. 

In a report, dated October, 1943, to the Blood 
Substitutes Committee of the Committee on Medi- 
cal Research we showed the very marked influence 
of pH on the survival of the red cells of stored 
human blood. Our studies of the influence of pH 
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Fig. 10. Influence of pH on Hemolysis Rate of 
Stored Blood 


on in vitro survival have been carried out under 
conditions where a minimum shift in the pH of 
stored blood was attained during long periods of 
storage. The citrate buffer system has no buffer 
capacity over the pH range for maximum survival 
of stored red cells (Figure 10) . The rate of gly- 
colysis of blood and the rapid formation of lactic 
acid, even at the optimum temperature (7° C.), is 
so high that over long storage periods blood sam- 
ples will show marked decreases in pH unless ade- 
quately buffered. 

We, therefore, turned to the phosphate buffer 
system and studied sundval of the red cells at vari- 
ous hydrogen ion concentrations. These blood 
samples were followed over long time periods un- 
der conditions where a minimum decrease in pH 
with time of storage occurred. Citrated blood was 
diluted with isotonic (0.11 M) phosphate buffer 
solutions in the proportion of 30 parts of buffer to 
70 parts of whole blood. In all cases these stored 
bloods had 0.5 per cent added glucose and storage 
was at 7° C. Thus, a number of blood samples 
hai-ing an initial pH between 6.0 and 7.5 were 
prepared and red cell survival determined at fre- 
quent intervals. Seven individual blood samples 
were run in this manner; the tj'pical result of the 


effect of pH is shown in Figure 10 where the per 
cent of spontaneous hemotysis is plotted against 
the pH of the blood samples at the fourteenth, 
twenty-eighth, and fort}'-sixth days of storage. 

Figure 10 demonstrates that the optimum pH for 
prolonged storage of human blood lies between pH 
6.7 and 7.0. It may also be noted that during the 
first 2 weeks of storage there is slight effect of pH 
over the range pH 6.5 to 7.5. Longer storage pe- 
riods, however, show a marked influence of pH. 
Thus storage for 4 and 7 weeks clearly requires 
a pH beLveen 6.7 and 7.0 if optimum preservation 
of the red cells is to be attained. 

Another striking action of pH on the survnval of 
the red cells of stored blood is on the ability of 
the red cells to retain their normally high potas- 
sium content. This effect is illustrated in Figure 
II, where the per cent of the original amount of 
potassium in the red cell which has diffused out 
of the cell at various times of storage is plotted 
against the pH of storage. In this experiment 
the blood was buffered by phosphate solutions as 
described above and 0.5 per cent glucose added 
and stored at 7° C. 

Figure 1 1 illustrates that human red cells stored 
at a pH between 6.7 and 7.0 will lose their potas- 
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sium at a much less rapid rate than at a pH higher 
or lower than this optimum range. Even after 4 
weeks of storage at pH 6.8 the potassium of the 
red cells has diffused to only 60 per cent of equilib- 
rium. 

The studies thus far dealt with have employed 
the phosphate system. The results outlined are 
due primarily to the pH and not to specific action' 
of the phosphate itself. This has been established 
by experiments involving storage of human blood 
in maleic, in maleic-succinate, and in glycyl-gly- 
cine buffer systems, under conditions otherwise 
identical for the phosphate system. The data ob- 
tained for these 3 systems as concern the optimum 
pH range for red cell survival are the same as that 
for the phosphate system, though the absolute 
magnitude at the optimum pH for cell survival 
does vary with the buffer used (Table I), 

TABLE I 

Comparison of the per cent of spontaneous hemolysis in 
himan blood after 4 weeks' storage at 7° C. in 
the presence of different buffer systems 

Each blood sample was composed of a mixture of 30 
parts isotonic buffer solution and 70 parts whole (citrated) 
blood. The initial pH of each was 7.10 to 7.20 and the 
pH on the fourth week of storage is given. Each blood 
sample had 0.5 per cent glucose added. 


Buffer system 

pH after 

4 weeks’ 
storage 

Sponta- 

neous 

hemolysis 

after 

4 weeks 

Original 
glucose 
utilized 
by fourth 
week 

NaH2P04/NajHP04 
Glycyl-glycine/Na glycyl- 
glycine , 

6.82 

per cent 

0.5 

per cent 
20 

6.75 

0.7 

18 

Maleic-succinic acids/JNia 
maleate-Na succinate 

6.95 

7.0 

13 

Maleic acids/Na maleate 

6.82 

15.0 

0 

None 

6.94 

1.8 

36 


In this respect. Table I shows that the phos- 
phate system was better than the other buffers. 
It is thus certain that in addition to the pH effect 
on survival the phosphate itself markedly increases 
survival. The glycyl-glycine buffer is also ex- 
ceptionally effective in prolonging red cell sur- 
vival of stored blood (Table I). 

Table I also shows that red cell survival in the 
maleic and maleic-succinate systems is poor even 
at the optimum pH. This effect, however, is prob- 
ably associated with the low or completely in- 
hibited glycolytic rate in the presence of these lat- 
ter buffer systems (Table I). 


Citrated blood, diluted to 70 per cent of whole 
blood with its own plasma and with 0.5 per cent 
added glucose, stored 4 weeks at 7° C, but with no 
buffer system added is included in Table I. It 
may be seen that while the degree of spontaneous 
hemolysis is low at this time, it is, however, con- 
siderably greater than in the blood with phosphate 
or glycyl-glycine buffer s)'stem (see also Figure 
5). 

From the foregoing it would appear that the 
phosphate buffer solutions which have on mixing 
with blood an initial pH between 7.1 and 7.3 and 
a pH after 4 weeks of storage at about 6.9 (with 
0.5 per cent added glucose and storage at 7° C.) 
are exceptionally fine for increasing the survival 
period of the red cells of stored blood of man. The 
question remains as to what might be the minimal 
concentration of phosphate buffer to add to blood 
for optimal or good preservation of the red cells. 

To answer this question, whole citrated human 
blood was diluted with varying amounts of phos- 
phate buffer (Table II). The degree of dilution 


TABLE ir 


Blood 

sample 

Citrated 

blood 

Phos- 

phate 

buffer 

mi.'iture 

Bal- 

anced 

salt 

solution 

Added 

glucose 

pH 

0 days 
storage 

pH 

SO days 
storage 

no. 

ml. 

ml. 

ml. 

tngm. 



397 

70 

30 

0 

500 

7.29 

6.74 

398 

70 

20 

10 

500 

7.35 

6.78 

399 

70 

10 

20 

500 

7.48 

6.86 

400 

70 

3 

27 

500 

7.54 

6.90 

401 

70 

0 

30 

500 

7.59 

7.03 


(70 per cent whole blood) was maintained con- 
stant (Table II), by using a calcium and phos- 
phate-free Ringer-Dale solution. The glucose 
added to each blood sample was 0.5 per cent and 
all bloods were stored at 7° C. The data in Table 
II are expressed in terms of 100 ml. of blood plus 
diluent. The phosphate buffer mixture used con- 
sisted of 60 parts of 0.11 M Na^HPO^ and 40 
parts of 0.11 M NaHoPO^. 

The degree of spontaneous hemolysis which oc- 
curred in these stored samples after 14, 36, and 
50 days of storage is illustrated in Figure 12. The 
“mean osmotic resistance” initially and at the same 
storage times is given in Figufe 13. 

As noted before, the presence or absence of the 
phosphate buffer has little or no effect during the 
first 2 weeks of storage (Figure 12). However, 
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Fig. 12. Effect of Phosphate Concextration ok 
Spoktakeous Hemolysis 

when one examines the mean osmotic resistance 
cur\'es (Figure 13) one observes’ that even after 
2 weeks of storage the bloods stored with no, or 
a small amount of, phosphate buffer would be 
poor risks in transfusion and this becomes more 
striking on the fifth and seventh weeks of storage. 

Blood stored with 0.0044 M NaH^PO^ and 
0.0066 M NajHP 04 per liter of blood and with 
0.5 per cent added glucose, 30 per cent dilution and 
at 7° C., has its red cells well preserved over 5 weeks 
of storage. Blood stored imder these conditions 
and injected in 500 ml. amounts would increase 
the normal plasma phosphate level by onlv 40 
per cent. 


5. Optimal Glucose Content. 

Glucose added to stored blood increases the red 
cell survival. This is a fact upon which all ex- 
periments on blood presentation have concurred. 
No other sugar has been obsened to have a com- 
parable effect. 

Surprisingly no one has investigated the effect 
of varying the glucose concentration while keep- 
ing other possible variables as constant as possible, 
“We therefore performed a series of experiments 
on the effect of glucose concentration on red cell 
sundval of stored human blood. Several series 
compared the survival in whole blood to which 
varying amounts of glucose rvere added. Blood 
was collected directly into solid citrate in the pro- 
portion of 400 mgm. Na3QHj06'2 H^O to each 
100 ml. of blood. To aliquots of this citrated blood, 
amounts of glucose varying from 0 to 6 per cent 
were added and the sundval followed over a 7- 
■week period. The glucose was added on the basis 



mM./L.NMHP04 

Fig. 13. Effect of Phosph.^te Co:;cen‘t?..*.tiok ok 
^^EAK Osmotic Resietakcf. 
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Percent Glucose Added. 


Fig. 14. Optimal Glucose Concentration for 
Storage 

of grams of glucose per 100 ml. of stored blood, 
e.g. 1 per cent means 1 gram per 100 ml. blood. 
All bloods were stored at 7° C. The results of 
such experiments are illustrated in Figures 14, 15, 
and 16. 

Data on the effect of added glucose on the degree 
of spontaneous hemolysis occurring during storage 
are given in Figure 14. The data in this figure 
show quite clearly that even a low total concentra- 
tion (0.25 per cent) of added glucose aids in the 
red cell survival for 33 days of storage when com- 
pared with the cells of blood stored with no added 
glucose. From 33 to 42 days of storage, however, 
this low concentration becomes insufficient. It 
may also be noted in Figure 14 that amounts of 
glucose, including 0.5 per cent and greater, in- 
crease to a considerable degree the red cell survival 
although there is no cumulative effect of the 
greater amounts of glucose. It must be empha- 
sized that these experiments were designed to vary 
only 1 factor, namely, glucose concentration. 
This, of course, precluded the possibility of study- 
ing survival under the optimal conditions of dilu- 


tion and buffering against pFI change. The re- 
sults as far as the minimal effective amount of 
glucose to add to stored blood, viz, 0.5 per cent, 
are quite conclusive. Glucose penetrates the hu- 
man red cell and, hence, its osmotic effects may be 
neglected under the conditions of these experi- 
ments. 

Completely analagous results have been obtained 
on citrated blood diluted to 70 per cent with phos- 
phate buffer at the optimal pH and stored with 
and without added glucose. After 42 days of 
storage these blood samples showed 8 per cent 
spontaneous hemolysis when no glucose was added 
and 1.8 per cent in the presence of 0.5 per cent 
added glucose. These data contrast only in the 
magnitude of the hemolysis with those for 42 days' 
storage in Figure 14 but are parallel as to the ac- 
tion of glucose. They show again the importance 
of dilution and buffering. In fact, blood stored 
under these latter conditions is in better state for 



Fig. is. Effect of Added Glucose Concentration oif 
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Fig. 16. Effect of Added Glucose on the Loss of 
Potassium 

transfusion after 42 days of storage than undiluted, 
unbuffered blood was at 22 days, regardless of 
added glucose. 

Figure 15 brings out the noteworthy fact that 
high concentrations of added glucose, 1 per cent 
and higher, lead to a rapid decrease in the osmotic 
resistance of the stored red cells. These experi- 
mental observations are obviously the resultant of 
the effect of the increased concentration of glucose 
in the cells stored with this high amount of added 
glucose and the consequent swelling this would 
produce in the hypotonic saline solution in which 
the osmotic resistance was measured. They do 
give point to the fact, however, that such red cells 
when transfused would undergo rapid osmotic he- 
molysis, thus rendering them useless for such 
purposes. This danger point lies between 1 and 3 
per cent added glucose (Figure 15). 

The slight, but noticeable effect of added glu- 
cose on the retention of potassium by the stored 
red cells is illustrated in Figure 16 and may be 
contrasted with the good retention of potassium 
when the blood is diluted and buffered to the opti- 
mum pH (Figure 11). 

We have studied the preservative action of a 
number of sugars in comparison with glucose. In 
all of these studies the particular sugar was com- 
pared witli identical conditions for sur^nval with 
added glucose. The sugars used were X}dose, lac- 
tose, fructose, maltose, sucrose. None of these 
sugars gave as good survdval of the, red cells of 
stored blood as compared with cells stored with 


added glucose. In all cases except xylose the red 
cell survival was better than under parallel experi- 
ments where no sugar w'as added. Xylose gave 
no better survival than control blood with no added 
sugar. 

SUMMARY 

An analysis has been made of a number of fac- 
tors concerned in prolonging the life of the red 
cells of stored human blood. 

Blood collected and stored under the following 
conditions has been found to give excellent sur- 
vival of its red cells over a period of at least 6 weeks : 
Sevent}' parts of blood collected into 10 parts of 4 
per cent Na 3 C 8 H 507-2 H,0 and 20 parts of a 
phosphate buffer solution (composed of 60 vol- 
umes 0.11 M Na^HPO^ and 40 volumes of 0.11 M 
NaH,P 04 ) J 500 mgm. per cent of glucose is 
added and the blood is stored at 7° C. 

Blood thus stored will be under the optimal con- 
ditions of (1) pH (im’tially 7.2 and 6.8 after 6 
weeks), (2) good buffering, (3) dilution (70 per 
cent), (4) glucose concentration (500 mgm. per 
cent), (5) temperature (7° C.). 
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Selective agglutination, as a means 6f estimating 
the number of donor’s erythroc)d:es in the circula- 
tion of a recipient after transfusion, was used first 
by Ashby (1) in 1919. In the procedure, group- 
O blood was administered to a subject of group A 
(or B), and in blood specimens taken periodically 
thereafter, the number of surviving donor-cells was 
estimated by selectivel}^ agglutinating those of the 
recipient with anti-A (or anti-B) serum, and 
counting the unagglutinated group-O cells in a 
hemocytometer.- Wiener and Schaefer (2, 3), in 
1939, obtained the same result by using the M 
and N blood types. More recently still Wiener 
(16), and Mollison (4) have e.xtended the tech- 
nique to the Rh blood types using Rh-negative 
donors and Rh-positive recipients with anti-Rh 
as the agglutinating serum. Wiener and Peters 
(5), and Mollison and Young (6) have demon- 
strated the adaptability of the method by follow- 
ing the survival of 2 donors’ cells simultaneously 
in the same recipient. The results obtained by 
these techniques are in good agreement, and show 
that if fresh blood is used for transfusion the do- 
nor’s erythrocytes disappear from the recipient’s 
circulation at the rate of about 1 per cent per day, 
which is the normal rate of red cell destruction. In 
the past 8 years the method has proved to be of 
great value in studies on blood preservation, par- 
ticularly in testing the effects of various methods 
of presentation on the viability of erythrocytes dur- 
ing storage. From the practical standpoint, the O 
and A blood groups offer the advantage that they 
occur frequently in the population and that highly 
potent anti-A serum is readily obtainable. 

The original agglutination procedure of Ashby 
has been modified in various laboratories with re- 
gard to the amounts of cell suspension and anti- 
serum used, temperature conditions, and technique. 
Numerous workers (1, 3, 7, 8, 9, 10) perform the 
reaction in small serological test tubes \wth or 
without agitation. Maizels and Paterson (11) 
use small beakers, and Loutit (12), small bottles 


with a relatively small amount of antiserum. Thal- 
himer (13) has reduced the number of 'manipula- 
tions to a minimum by carrying out the reaction in 
a red-cell pipette. The present authors have modi- 
fied their former method by using light centrifuga- 
tion to accelerate agglutination. This treatment is 
also a feature of the method of Dade and Mollison 
except in the use of anti-M and anti-N sera (14) 
which are said to give some non-specific agglutina- 
tion with centrifugation. All these procedures are 
based on extensive experimentation and, in the 
hands of experienced workers, give comparable 
results. 

In determining the number of the donor’s erj-th- 
roc}des in the redpient’s circulation by selective 
agglutination, it is necessarj' beforehand to know 
the recipient’s “free” or “unagglutinable” cell 
count. In other words since complete agglutina- 
tion of erythrocytes is impossible by ordinary meth- 
ods the number of unagglutinable cells per mm.^ 
must be ascertained prior to transfusion. The 
number of donor’s cells in the post-transfusion 
samples may be determined by subtracting the re- 
cipient’s free-cell coimt from the total number 
per mm.^ Experience has shovm that the free-cell 
count of the individual is fairly constant ^dth a 
given potent antiserum, but it may -vary with 
different antisera depending largely on the ag- 
glutinin potency, or titre. Authorities are agreed 
that strong antiserum is essential for accurate re- 
sults. The consensus is that an antiserum for se- 
lective agglutination tests should be specific for 
the recipient’s red cells and should give a free-cell 
count not exceeding 50,000 per mm.^ of blood. 

From time to time the reliabilitj' of the selective 
agglutination method has been queried. The vari- 
ous critidsms and their refutation have been dis- 
cussed by Maizels and Paterson (11) and by Mol- 
lison and Young (15). 

The study reported in the present paper arose 
from certp'n anomalies observed in an earlier in- 
vestigation On red cell survival carried on during 
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1940 to 1943. At that time we were using the 
method of Wiener and Schaefer (3) with anti-M 
and anti-N sera prepared in our laboratory accord- 
ing to the methods of Wiener (16) and of David- 
sohn and Rosenfeld ( 17) . The antisera, which were 
prepared aseptically, were potent and highly spe- 
cific. Prior to use, the serum for a complete ex- 
periment was given an additional absorption with 
a light suspension of saline-washed red cells of the 
' prospective recipient to ensure the absence of non- 
specific agglutinins. Frequently, the serum, if 
strong, was diluted further before dispensing it into 
small serological tubes. The latter then were 
stored at 0° C. These antisera were of high avid- 
ity, producing visible and compact agglutination 
within a few seconds. The free-cell count usually 
was less than 30,000 per mm.® but up to 50,000 
was considered satisfactory. 

The above mentioned anomalies in our cell- 

« 

survival results were periodic increases in the 
number of unagglutinable cells, a condition which 
should not have existed provided that the recipi- 
ent’s free-cell count remained constant and the 
transfused cells were being destroyed continuously. 
That the increases were not attributable to errors 
in counting or to alteration in the antiserum was 
ruled out by repetition of the counts with several 
lots of the antiserum. Some of the tests were re- 
peated as many as 12 times with consistent results ; 
others were checked by both authors. In several 
■ instances the deviations in the survival counts fol- 
lowed a steady course over a period of 2 or 3 weeks 
and exhibited a periodicity which was inexplicable. 
That some erythrocytes were being sequestered 
from the circulatibn and released again periodically 
was hardly tenable. As other investigators (3, 15) 
in similar studies had not encountered the same 
type or degree of irregularity, it was decided to 
investigate further into the cause of the phen- 
omenon. Attention was directed first to ascertain- 
ing the constancy of the free-cell count and sec- 
ondly to the influence of the titre and-avidity of the 
antiserum on the completeness of agglutination. 

Discussion of the more theoretical aspects of ag- 
glutination will be reserved for a later publication. 
For a survey of the literature relevant to the pres- 
ent study the reader is referred to recent reviews 
(16, 18, 19) and to papers by Eagle (20, 21), 
Duncan (22) and Kendall (23). 


Whatever the mechanism of agglutinatif)n may 
he, authorities arc agreed that the {)hcnomcnon 
involves 2 main stages, namely; (/) tiic combina- 
tion of the antigen (agglutinogen) with the anti- 
body (agglutinin) and (2) aggregation of the 
sensitized cells. Sensitization is known to occur 
very rapidly while aggregation is a slower proccs,s. 
Eagle (21) and others have shown that mechani- 
cal agitation accelerates the rate of agglutination 
by increasing the incidence of collision of the cells. 
The process is very rapid at first but decreases 
logarithmically with time. It may be brought 
about more rapidly and firmly with the aid of cen- 
trifugation. Thus the titre of an antiserum, when 
determined with centrifugation is from 6 to 10 
times that without the treatment. Up to a point 
agglutination increases with the concentration of 
agglutinin. Very potent antisera may not produce 
agglutination or may not give a maximum reaction 
until diluted. This upper zone of inhibition is 
usually called the “prozone” to distinguish it from 
the lower zone, the “postzone” where aggregation 
of cells is diminished due to dilution of the anti- 
body. The mechanism of prozone inhibition is 
not fully understood although considerable light 
has been thrown upon the subject by the studies 
of Jones and Orcutt (24). 

The inadequacy of the ordinary titre method for 
characterizing the potency of an antiserum has 
been stressed by numerous authors. Obviously the 
titre, expressed as a number, merely gives a rough 
and comparative idea of the agglutinin concentra- 
tion of the original material. For the purposes of 
the clinical laboratory, however, the method is 
valuable particularly for determining the point of 
optimal proportion of antigen and antibody, i.e., 
the dilution which produces most rapid agglutina- 
tion. With moderately strong or weak serum, the 
maximum rate of agglutination is obtained with 
the undiluted material. As erythrocytes of differ- 
ent individuals of the same blood group vary con- 
siderably in properties, the titre of a given serum 
and the concentrations of optimum proportion may 
vary with the blood tested. 

In the present study the authors have sought an 
answer to the following questions ; 

(f ) Can the free-cell count be abolished by care- 
ful adjustment of the antiserum concentration and 
by control of conditions of the reaction ? 
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(2) What is the normal variation in the free- 
cell count? 

(i) To what degree is incomplete agglutination 
of red cells influenced by the following factors : 

(c) Too rapid agglutination and insuffi- 
cient time for completion of the reaction. 

(6) Insufficient antibody. 

(c) Under-sensitization of cells due to de- 
ficiency in antigen content, or to age. 

EXPERIMENTAL 

In 1944 the present authors modified their ag- 
glutination technique by introducing centrifuga- 
tion, thus reducing the time of the procedure to 
about one-third. Also, with the increased avail- 
abilit}"^ of highly potent anti-A and anti-B sera a 
change was made to the O, A, and B blood groups 
in preference to the M and N types. 

METHODS 

1. Selection of aiitiseniin 

In selecting an antiserum for an e.xperiment an ordinary 
titre series is set up for each serum to be tested using 
the saline-washed red cells of the prospective recipient 
With the aid of a microscope the particular dilution in 
the series which gives the most complete agglutination is 
ascertained. This concentration may not be the one which 
produces the most rapid agglutination or the most compact 
cell sediment Having selected the optimum serum con- 
centration for completeness of reaction, a larger quantity 
of the particular dilution is prepared and dispensed asepti- 
cally into small tubes which then are stoppered and 
stored at 0° C. Prior to use, each tube is permitted to 
come to room terhperature and is inverted several times 
to ensure uniformity of the contents. 

Very potent anti-A or anti-B sera, particularly those 
prepared by concentrating the globulin fraction, fre- 
quently develop a surface precipitate of lipid when stored 
at 0° C. or after having been frozen. Unless removed, 
this material may prove a source of much annoyance and 
confusion during cell counting since many of the par- 
ticles are about the size of the erythrocytes. One of the 
authors (D. E. O.) has found that the lipid can easily 
be removed by keeping the serum in a centrifuge tube 
m the cold for a few days and then cautiously overlaying 
the surface with physiological saline followed by centri- 
fugation at high speed. If the saline is applied slowly 
uith a fine capillary pipette, no mixing with the serum 
'wll occur and, after centrifuging, the saline layer, on 

e surface of which the lipid will have collected, can be 
removed by aspiration through a capillary tube. 

2. Collection of blood samples 

Prior to transfusion, and periodically thereafter, blood 
samples are taken from an antecubital vein of the re- 


cipient. Approximately 10 ml. are delivered into a gradu- 
ated centrifuge tube containing 1 ml. of sterile sodium 
citrate solution (3.2 per cent). The tube is stoppered and 
inverted gently several times. By emptying the syringe 
against the wall of the tube and by using gentle mixing 
methods excessive frothing of the sample can be avoided. 
Foam may be collapsed by touching it with a fine wire or 
needle the mere tip of which has been dipped into captylic 
alcohol. The total volume of the specimen is recorded to 
obtain the dilution factor. The hemoglobin concentra- 
tion of the specimen is determined with a photoelectric 
colorimeter, and the hematocrit, using the Wintrobe tube. 
A total red-cell count is performed on the pretransfusion 
specimen. 

3. Agglutination procedure 

Blood samples, if refrigerated, are permitted to come to 
room temperature. The red cells are suspended by gently 
and repeatedly inverting the tube for about 1 minute. 
Another light mixing is performed immediately before 
pipetting. 

Blood is drawn up to the 0.5 mark in a white-cell 
pipette which is then filled to the 11 mark with sodium 
chloride solution (0.9 per cent). After the pipette is 
shaken for a few seconds, it is emptied into a serological 
tube (10 X 75 mm.). 

The tube is shaken a few times, and the cell suspension 
is drawn up to the 1.0 mark in a do’ white-cell pipette. 
The latter is then filled with the agglutinating serum. 
After the pipette is shaken vigorously for a few seconds, 
the contents are transferred to a serological tube and 
centrifuged in an electric table centrifuge at 1500 r.p.m., 
the machine being turned off automatically at the end of 
2 minutes. 

The sedimented red cells are dispersed by flicking the 
tube sharply several times by hand and shaking for an ad- 
ditional 45 minutes on an electric shaker ^ at 176 vibra- 
tions per minute. (The table of the shaker in our labora- 
tory is covered with a 2-inch slab of fiberglass to insulate 
the specimens from the heat of the motor.) 

Finally, the tube is flicked sharply to suspend the cell 
sediment, the larger clumps are permitted to settle for a 
couple of seconds, and a sample of the supernatant fluid 
is transferred to the hemocytometer by means of a white- 
cell pipette filled to the 1.0 mark. Counts are made in 
duplicate and usually agree within 10 per cent 

The free-cell counts are calculated to the number per 
cubic millimeter of uncitrated blood. With experimental 
mixtures of O and A eiythrocj-tes or Oit and ON in the 
proportion of 1 :30, the lesser component can be determined 
by selective agglutination within 5 per cent 

4. Transfusion procedure 

In the majority of our red-cell survival experiments 
since 1944, the practice has been to determine the blood 
volume of the recipient prior to transfusion and to de- 
termine accurately the quantity of blood administered by 

^No. 3623 rotating apparatus, obtainable from A. H. 
Thomas Company, Philadelphia. 
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weighing the container before and after the transfusion. 
The hemoglobin, hematocrit and total red-ccll count also 
are determined on a sample taken from the bottle im- 
mediately before the experiment. The number of donor 
cells per mm.® of the recipient's blood immediately after 
transfusion, therefore, can be quite accurately calculated.' 

If the number of cells found is considerably less than 
the theoretical number, as is often the case when preserved 
blood is administered, the discrepancy is assumed to 
represent the number of the donor's erythrocytes elimi- 
nated by the recipient during the transfusion. 

The volume of citrated blood administered in our 
experiments formerly was 450 ml., but since 1944 has 
usually been about 200 ml. 

RESULTS 

1. Influence of agitafio)t on the rate of agglutina- 
tion 

The rate of combination of antigen with antibody 
is known to be extremely rapid. Hence, as nu- 
merous workers have shown, the accelerating ef- 
fect of various modes of agitation and sedimenta- 
tion on the rate of agglutination is due chiefly to 
increasing the incidence of contact between the 
sensitized cells. The size and shape of the con- 
tainer also may influence the rate especially if 
shaking is the mode of agitation. 

Figure 1 illustrates the influence of the rate of 
horizontal shaking on the completeness of ag- 
glutination of erythrocytes at the end of 90 minutes 
with our apparatus. The unagglutinated-cell 
count is expressed as the number of free cells ob- 
served in the entire field of the hemocytometer, 
he., in 0.9 mm.® of cell suspension. The effect of 
agitation above 190 vibrations per minute could 


not be determined with our facilities, but pre- 
sumably a maximum eventually would be reached 
beyond which agglutination would be less com- 
plete and the damaging effect of the shaking would 
become a serious factor. Experiments with higher, 
but unknown, rates of shaking invariably have re- 
vealed considerable hemolysis. The results of 
shaking also vary somewhat with the blood, the 
antiserum, and the mode of agitation. 

Agglutination may be accelerated greatly by an 
initial light packing of the cells by centrifugation. 
Figure 2 gives a comparison of the degrees of ag- 
glutination with and without centrifuging and at 
2 rates of shaking. It will be observed from curve 
D that centrifugation, followed by shaking for 30 
minutes, produces as complete agglutination as 
does shaking alone at 176 vibrations per minute 
at the end of 6 hours. Attempts to reduce the un- 
agglutinated-cell count by agitation for more than 
6 hours invariably resulted in visible hemolysis. 
Centrifuging also tends to damage red cells, and, 
if too prolonged or too rapid, will result in early 
hemolysis on subsequent shaking. 

2. Influence of strength of antiserum 

In determining the agglutinating titre of a strong 
antiserum by the ordinary method of progressive 
dilution, one tube in the series usually shows more 
rapid agglutination than those preceding or follow- 
ing it. This particular dilution represents, or ap- 
proximates, the concentration of optimum propor- 
tion of the antigen and antibody as far as rate of 
agglutination is concerned. If aggregation of the 



Fig. 1. Influence of the Rate of Shaking on the Completeness of 

Agglutination 
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Fig. 2. Progress of Agglutikatiom at Two Rates of 
Shaking With and Without an Initial Light Cen- 
trifugation 

Curves A and C, 146 vibrations per minute; curves B 
and D, 176 per minute. 

red cells takes the form of a single, compact clump, 
one easily may be misled into assuming that ag- 
glutination is complete. On examination under the 
microscope, however, a surprisingly large number 
of unagglutinated cells may be observ^ed. The con- 
centration which affords the most rapid agglutina- 
tion, therefore, may not produce the most com- 
plete reaction. This is true especially of antisera 
of marked avidit}% notabl}' anti-M and anti-N sera, 
which, even when diluted many times, may' pro- 
duce visible and compact agglutination within a 
few seconds. In preparing an antiserum for selec- 
tive agglutination, therefore, it is essential ta as- 
certain the relative concentration which produces 
the most complete aggregation of cells. This con- 
centration usually is in the neighborhood of that 
which produces most rapid agglutination. With 
serum of only' moderate potency, the maximum is 
obtained with the undiluted material. 

The relation between the strength of the anti- 
serum and the completeness of agglutination or the 
free-cell count is illustrated in Figures 3 to 9 in- 
clusive. To facilitate comparison, the data are pre- 
sented in the form of graphs. In doing so the 
authors wish to direct attention to the inconsistency 
in the results with different dilutions of serum 
rather than to imply that the fluctuations are due 


to variation in the properties of the erythrocytes 
or the antiserum, although either, or both the latter 
conceivably' may occur. 

(a) CONSTANCY OF THE UNAGGLUTINABLE-CELL 
COUNT 

Figures 3 to 6 inclusive illustrate the fluctua- 
tions in the free-cell count with various dilutions 
of antiserum and in different individuals, over a 
period of 2 months. The results are expressed 
as thousands of cells per cubic millimeter of the 
recipient’s blood. Attention is directed to the 
magnitude of the fluctuations in Figure 6. The 
counts were done in duplicate. 

The variability of the free-cell count with the 
lower concentrations of antiserum is pronounced.- 
Witli serum of marked av'idity, e.g., anti-M and 
anti-N, the rapidity', firmness, and compactness of 
agglutination may' easily' mislead one into thinking 
that agglutination is complete. 

The stronger concentrations, on the other hand, 
produce a low free-cell count, which, in the case of 
the optimum concentration, remains practically' con- 
stant within the counting error. Occasionally' we 
have found that the recipient's free-cell count, after 
the donor’s cells have disappeared from the circula- 
tion, is slightly' higher than before the transfusion. 
In these cases the higher count has been used in 
calculating the results. For the purpose of the red- 
cell survival test, provided a strong serum is used, 
the unagglutinable-cell count of the recipient may 
be assumed to remain constant. 



DAYS 

Fig. o. Vari.^tio.v in the Free-cell Cou.vt or a 
Gp,oup-B Subject with Potent Anti-B Seruii (Titre 
5,000) Diluted 5, 10, .\nd 20 Times, Respectively 
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Fig. 4. Variation in the Free-cell Count of a 
Group-A Subject with a Potent Anti-A Serum 
(Titre 5,000) Diluted S, 10, 20, 30, and 40 Times, Re- 
spectively 

(&) AGGLUTIN ABILITY OF PRESERVED ERYTH- 
ROCYTES 

It was anticipated that if the fluctuations ob- 
served in the agglutinability of erythrocytes with 
weak sera are due to changes in the agglutinogens 
on the cell membrane, the agglutinability of the 
cells might become increasingly erratic with 
storage. 

In Figure 7, the curves “A” represent periodic 
free-cell counts on blood (group A^MKhiRliz) 
preserved in citrate-dextrose solution at 5° C. 
over a period of 50 days ; “B”, the counts on fresh 
blood from the same donor. Here again the 
stronger serum (anti- A diluted 1:5) gave more 
constant results than the weaker lot (diluted 


1 : 10). It is notevyorthy also that under optimum 
conditions of preservation the agglutinability of 
the stored erythrocytes does not differ from that 
of the fresh blood. The counts arc expressed as 
.the number of free cells in the hemocytomcter field 
in order to accentuate the fluctuations. (The fac- 
tor for converting the count to cells per mm.® is 
approximately 270.) Since many of the eryth- 
rocytes, by the fiftieth day of storage, become non- 
functional (at least 50 per cent of the cells), it ap- 
pears that agglutinability is not greatly impaired 
by the loss of viability provided conditions of pres- 
ervation are favorable. 

The curve in Figure 8 illustrates the behavior of 
the free-cell count in a sample of preserved blood 
of group OMRh using a potent anti-M serum 
diluted 20 times. The variation is typical of that 
observed with diluted antisera even in fresh blood. 
There is no evidence in this and in similar experi- 
ments that the reactivity of the M and N agglu- 



Fig. 5. Fluctuation in Free-cell Count of a 
Geoup-A Individual with Potent Anti-A Serum 
(Titre 5,000) Diluted 5, 20, 30, and 40 Times, Re- 
spectively 
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tinogcns is impaired during storage under optimum 
conditions at least up to 6 weeks. 

3. Estimation of transfused erythrocytes 

In view of certain anomalies observed up to 1944 
in our experiments on mental patients it was 
thought advisable to perform a few cell-survival 
tests on normal subjects. Accordingly 200 ml. of 
fresh citrated blood of a donor group ONRh^ was 
administered to each of 2 recipients and counts 
were followed daily for about 60 days. Figure 9 
illustrates the disappearance of the donor’s cells 
from the circulation of a recipient, group 
OMNRh;, as determined with anti-AI serum (titre 
64), and Figure 10, the curve for the second re- 
cipient, group AMRhiRhj, as determined simul- 
taneously with anti- A (dotted curve) and anti-M 
sera. The gaps in the curves were occasioned by 
a holiday. It is noteworthy that despite the ir- 



Fic. 6. Fluctuation ik Free-cell Count of a 
GeOUP-A iNOmDUAL IVITH A POTENT ANTI-A SeRUM 
(Titre 5,000) Diluted 5, 10, and 20 Times, Respec- 
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Fig. 7. Comparative Variation in the Free-cell 
Count in Preserved and Fresh Blood of a Group-A 
Subject Using Potent Anti-A Serum (Titre 5,000) 
Diluted 5 and 10 Times, Respectively , 

Curves A represent preserved blood and curves B, fresh 
blood. 


regularities due to the use of diluted sera, the 
course of the red-cell elimination is quite accurately 
indicated. With diluted antisera, cell counts 
should be performed at least weekly in order to 
be able to correct for irregularities. 

Figure 11 represents a transfusion series, per- 
formed in June 1944, in which 150 ml. of blood 
from 1 donor of group ON, was administered to 
each of 4 recipients. The first received a fresh 
specimen and the others, in turn, samples that had 
been preserved in citrate-dextrose at 5° C. for 12, 
22, and 40 days, respectively. The free-cell counts 
of the recipients are included in Table I, 

The rapid elimination of non-n’able red cells 
within 3 to 6 hours after transfusion is indicated 
in curves B, C, D. In our experience, with blood 
stored for more than 3 weeks, there usuall}' is in- 
dication of a partial elimination of the non-viable 
cells even during the period of the transfusion 
(200 ml.). The 100 per cent count in the post- 
transfusion sample in recipient D, therefore, is ex- 
ceptional. It is noteworthy that a rapid elimina- 
tion of erj'throcj'tes alwaj-s occurs with preserved 
blood within a few hours after transfusion, the loss 
amounting roughly to 1 per cent of the cells per 
day of storage (or more if conditions of preserva- 
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Fig. 8. Fluctuation in the Free-cell Count of a 
Preserved Blood Sample, Group-AM, Using an Avid, 
but Diluted, anti-M Serum 

tion are not optimum). With strong antisera the 
survival curves, for the most part, are free from 
gross irregularities. 

One type of anomaly which the writers have en- 
countered occasionally in exaggerated form with 
potent anti-M and anti-N, and even with 



Fig. 9. Elimination of the Erythrocytes of a 
Group-ON Donor from the Circulation of a Group- 
OMN Recipient Using Diluted Anti-M Agglutinat- 
ing Serum 



Fig. 10. Elimination of the Erythrocytes of a 
Group-ON Donor from the Circulation of a Group- 
AM Recipient, Counts Being Made Simui.t.vneously 
with Anti-A (Dotted Curve) and Anti-M Sera 

strong anti-A serum, is illustrated by the large dis- 
continuities in Figures 12, 13, and 14. The par- 
ticulars of these experiments are given in Table 11. 

It will be observed that the free-cell counts of one 
of the recipients of type M differs considerably 
from the others. The same anti-M serum was used 
in each case. It is noteworthy also that the large 
deviation in Figure 13 was given b)' the recipient 
with the lower free-cell count. The irregularities 
in -the 3 figures exhibit a remarkably smooth 
course, a circumstance which makes explanation 
difficult on the basis of technical errors. 

DISCUSSION 

Of the various factors that may influence the 
accuracy of selective agglutination, the strength of 
the antiserum is of major concern. As yet there 
is no practical method for characterizing a serum 
quantitatively as to its avidity and agglutinin con- 
tent. The titre method of estimating potency gives 
only comparative values. Nevertheless, it is valu- 
able for testing the strength of the serum for typ- 


TABLE I 


Recipient 

Group 

Antiserum 

Free-cell count 

A 

OMN 

anti-M 

per mm? 

4,000 

B 

AMN 

anti-M 

4,000 

C 

OMN 

anti-M 

5,000 

D 

AMN 

anti-M 

7,000 
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Fig. 11. Eliminatio.n' of the Erythrocvtes of a 
Donor, Blood Group-ON, From the Circulation of 
4 Recipients, Using a Strong Anti-M Agglutinating 
Serum. (See Table I.) 

ing purposes and for estimating the optimum con- 
centration of red cells and antiserum. 

The term “optimum,” as applied to agglutina- 
tion, usually implies rapidity of reaction rather 
than completeness. The point of optimum propor- 
tion in the titre series, for example, is the concen- 
tration of cells and serum which produces the most 
rapid or most compact agglutination. As men- 
tioned previously, this concentration does not nec- 
essarily produce maximum agglutination and, 
with sera of marked avidity, e.g., anti-M and anti- 
N, the number of unagglutinable cells may be rela- 
tively large. Rapidity, compactness and firmness 
of agglutination, therefore, are not reliable criteria 
of the completeness of the reaction. 

As shown in the foregoing graphs (Figures 3 


table n 


Figure 

Donor 

Recipient 

Storage 

period 

Anti- 

serum 

Recipi- 

ent's 

free-cell 

count 




days 


per mm? 



OMRh, 

fresh 


4,000 

, 12 

ON 



anti-M 




OMRh: 

25 


3,000 


Pooled 

OMRhiRh: 

22 


18,000 

13 

ONRh+ 



anti-M 



ONRh, 

OMRh, 

22 


5,000 

14 

OMRh, 

ONRh. 

21 

anti-N 

42,300 



Fic. 12. Elimination of the Erythrocytes of a 
Fresh and a Preserved Blood Sample from a Group- 
ON Donor, from the Circulation of 2 Group-OM Re- 
cipients. (See Table II.) 

to 9) antisera, particularly diluted sera, which give 
a high free-cell count, usually display marked 
variability. It is noteworthy, however, that the 
free-cell count even with undiluted sera may vary 
with different bloods. Thus, in Table II, the free- 
cell count with one individual was 5,000 and with 
another, was 18,000. Occasionaly also, one meets 
with a potent serum which gives a constant free- 
cell count with one person and a variable count 
with another. There are instances when dilution 
of the serum reduces the free-cell count, e.g., when 
the serum concentration is above the optimum. 
In general, however, one can say that a high con- 
centration of agglutinin is necessarj’ for maximum 
and consistent agglutination, and that dilution of 
the serum tends to increase the number of unag- 
glutinated cells and the variation in the counts. 

The reason for the high free-cell count with 
markedly avid antisera is not clear. Anti-M and 
anti-N sera, like many heterologous immune sera, 
produce a very' rapid and firm type of agglutina- 
tion. It is significant that the unagglutinated cells 
apparently do not adhere to the agglutinates al- 
ready formed nor are they occluded to any con- 
siderable extent among the rapidly' aggregating 
masses. The failure of many of the cells to become 
agglutinated cannot be attributed to a lack of anti- 
body'. Centrifugation will cause further aggrega- 
tion but not to the extent one would expect with 
fully' sensitized cells. 
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Fig. 13. Elimination of Preserved Erythrocytes of 2 Group-ON Do- 
nors (Pooled Sample) from the Circulation of 2 Group-OM Recipients. 
(See Table II.) 



DAYS 

Fig. 14. Elimination of Preserved Erythrocytes of a Group-OM Do- 
nor from the Circulation of a Group-ON Recipient. (See Table II.) 


On first thought, the failure of some cells to be 
agglutinated with strong antiserum suggests that 
the red-cell population possibly may be made up 
of cells ranging in agglutinability from extremely 
to feebly reactive, and that, while the latter may be 
loosely agglutinated by centrifuging, like weak Rh 
agglutinates, they may be dispersed again by agita- 
tion. Such a hypothesis would imply that the so- 
called “unagglutinable” cells may be deficient in 
the content, distribution, or quality of their ag- 


glutinogens due perhaps to imperfect formation. 

In opposition to this reasoning, one may point 
out that the addition of a strong antiserum to the 
residual free cells after agglutination with a weak 
antiserum, does not effect as complete agglutina- 
tion as when the strong serum is applied directly 
to fresh cells. Weak serum may give rise to ag- 
glutinates in the form of doublets, or chains which 
can be broken by shaking. Addition of stronger 
antiserum does not consolidate the aggregates into 
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a compact mass. It is significant also that 2 vol- 
umes of half-strength antiserum are not necessarily 
equivalent in agglutinating strength and effect to 1 
volume of undiluted serum for a given volume of 
cell suspension even when centrifugation is em- 
ployed. On the basis of these observations, one 
is inclined to attribute the differences in free-cell 
count and agglutinability to a reversible , change 
in the state of the agglutinins or other components 
•of the system with dilution and changes in tem- 
perature. 

The variability in the counts with diluted anti- 
serum is of considerable interest since the fluctu- 
ations are not due to systematic errors. In the 
writers’ experience the. free-cell counts are likely 
to vary from day to day but they may be quite 
consistent on any day. 

While the use of diluted, though avid, anti-M 
and anti-N sera explains some of the sharp ir- 
regularities observed in our earlier study, the 
larger and more regular deviations of the type il- 
lustrated in Figures 12, 13, and 14 are not so 
easily explained. Our former interpretation, that 
perhaps some of the donor’s erythrocytes are 
sequestered from the recipient’s circulation and re- 
leased later, has been abandoned. The deviations 
doubtless are connected in some way with re- 
versible changes in the properties of the antiserum, 
or possibly to reversible changes in the reactivity 
of the recipient’s cells. It is evident from Table 
II that they are not attributable to the use of weak 
antiserum, nor are they confined to the use of the 
M and N blood types. Other factors such as agi- 
tation, temperature, salt concentration, and pH 
have been ruled out. The study of this phenom- 
enon is being continued. 

Highly potent anti-A and anti-B sera being easy 
to prepare, or being readily obtainable the writers 
recommend for selective agglutination, sera which 
give a free-cell count not exceeding 10,000 per 
mm.^ The lowest free counts obtained in our 
studies were about 2,500. With strong serum the 
variation in the free-cell count is usually within 
5,000 per mm.® Irregularities in the cell-survival 
curv'e become noticeable when the free-count ex- 
ceeds 15,000, and, above 40,000, fluctuations may 
occur ranging up to 200,000 from day to day. Ob- 
viously it is desirable to keep the variation within 
the limits of error of the technique. With small 


transfusions, e.g., 200 ml., it is especially impor- 
tant to select antisera which will reduce the free- 
count to a minimum. 

CONCLUSIONS 

From the evidence submitted and additional 
work not reported herein, it appears that there is 
no routine method for achieving complete ag- 
glutination of erjlhroc^les and that such an at- 
tainment is not possible when agitation is involved. 
In some experiments, however, the unagglutinable- 
cell count has been reduced to as low as 2,500 per 
mm.^ With strong agglutinating serum the free- 
cell count of the individual remains practically 
constant for the majority of persons, especially of 
group Aj. The sharp irregularities observed in 
the cell-survival curves in an earlier study are 
attributable to the use of diluted anti-M and anti-N 
sera. The larger and more regular type of devia- 
tion, how’ever, still remains unexplained; it is 
doubtless connected vnth some obscure change in 
the properties of the anti-serum or of the recipi- 
ent’s red cells. These deviations and irregularities 
do not necessarily vitiate the results of the cell- 
survival method. A high degree of accuracy can 
be obtained in. the estimation of survival if the 
blood volume of the recipient and the number of 
erythrocytes transfused are accurately known. 

SUMMARY 

The presentation concerns the factors that affect 
the accuracy of the selective-agglutination pro- 
cedure for estimating the survival of erythrocytes 
after transfusion. The influence of agitation, cen- 
trifugation, and the agglutinin titre of the anti- 
serum on the rate and completeness of agglutina- 
tion of red cells is discussed. The' unagglutinable- 
cell count cannot be eliminated, but it can be 
reduced to a minimum and practically constant 
quantity by careful selection of the antiserum. 
Some of the irregularities observed in an earlier 
stud)’ undoubtedly were due to the use of diluted, 
though avid, anti-M and anti-N sera. The larger 
and more regular deviations, however, are not so 
easily explained; they appear to be related to re- 
versible changes in the properties of the antiserum 
or to reversible changes in the properties of the 
recipient’s red cells. If the blood volume of the 
recipient and the number of red cells transfused 
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are accurately known, the progressive elimination 
of the donor’s cells from the circulation of the re- 
cipient can be followed with a fairly high degree 
of accuracy. 
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The purpose o£ this paper - is to present the 
results of experimental work on the preservation 
of whole blood in vivo and in viiro carried out 
over a period of several years. Certain standards 
of preservation in vitro (the osmotic resistance) 
and in vivo (the serum bilirubin variations) have 
been carried out extensively in the early as' well 
as in the late experiments, thus affording a means 
of comparison. 

More specifically, it will present results ob- 
tained from comparative studies of several pre- 
serving solutions employing the radioactive iron 
technic. 

The conclusions from early experimental work 
(1) can be summarized as follows: 

(/) The absence of spontaneous hemolysis is 
not a satisfactory proof of good preservation of 
erythrocytes of stored blood. 

(a) The fragility of erythrocytes to hypotonic 
salt solution is a dependable measure of blood 
preservation and parallels the in vivo studies pro- 
vided that the preserving solution does not con- 
tain dextrose in high concentration. 

(j) Serum bilirubin determinations before and 
after transfusion are readily available and con- 
stitute a reliable index of the survival of trans- 
fused erythrocytes. 

{4) The determination of tlie total bile pigment 
is a good means of measuring post-transfusion de- 
struction of erjdhrocj'tes. 

TThis paper is the 19th of a series on blood, plasma, 
and plasma substitutes from the Laboratory of Qinical 
Pathology of the Bryn Mawr Hospital. The work de- 
scribed in this paper was done under a contract recom- 
mended by the Committee on Medical Research, between 
the Office of Scientific Research and Development and the 
Bryn Mawr Hospital, and with the aid of the Bryn 
Mawr Research Foundation. 

- To avoid useless repetitions, references to previous 
work and to work published in this scries of papers have 
been kept to a minimum. 


(5) The safe period of preservation at 4 ° C. 
of blood collected in plain sodium citrate solution 
is not over 5 days. 

(d) Experimental work has shown that the 
addition of glucose to sodium citrate solution 
does increase the period of safe preservation of 
whole blood (2 to 6) but generally not enough 
to compensate for the disadvantage of the greater 
dilution of the plasma proteins. 

• (7) The administration of blood collected in a 
solution with a high volume of water and rela- 
tively high glucose content ( 4 , 6) has been found 
to be followed often by an increase in serum 
bilirubin even when the blood is fresh. This 
bilirubinemia does not increase noticeably for the 
first few days of storage, suggesting that it prob- 
ably has to do with the immediate effect of glu- 
cose on a certain type of cells, the least resistant, 
possibly either the youngest or the oldest. 

In the present work the radioactive iron tech- 
nic was applied to the study of whole blood 
preservation along with other means. 

RADIO-ACTIVE IRON TECHNIC 

The iron isotope 55, with a half life of 5 years, was 
used in these experiments. This material was syn- 
thesized into ferric ammonium citrate in neutral aqueous 
solutions. Two donors were selected for preparation with 
radioactive iron. They were both healthy young white 
males belonging to the “O” blood group, Rh positive and 
with low anti-A and anti-B titre. Each received 12 
intravenous injections of 10 ml. of radioactive ferric am- 
monium citrate at 2- to 3-daj' intervals over a 4-week 
period. The preparation of the iron isotopes used in this 
work and the radioactivity of blood samples were car- 
ried out by Gibson ef al, as a cooperative plan outlined 
elsewhere (7). At the end of this period, one donor 
(SD-1) had a unit activity of 15.35 and the second 
(SD-2), a unit activity of IS.S. 

The interpretation of the results is based on the as- 
sumption that as long as the eel! membrane remains in- 
tact there is no interchange of radioactive iron between 
the cells and plasma, therefore the cells become “tagged" 
for the duration of their life. 
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At the end of the 12 intravenous injections, the' radio- 
activity titre of the donor blood was high enough to per- 
mit bleeding and transfusing into recipients. 

'Technic of bleeding, division into aliquots, and storage 

The donors were bled of 400 to 500 ml. into the solu- 
tion to be tested. This was precooled and by mechanical 
means maintained in constant gentle motion during col- 
lection and for 3 minutes after completion of bleeding. The 
blood immediately after mixing was divided by a closed 
system into a number of aliquots, of approximately equal 
size, and these were stored at 4° C. except for 1 specimen, 
which was used for immediate transfusion. 

Ad^ninistration of blood 

The aliquots from each donor were administered to 
different recipients. The recipients used were all hospital 
patients known to have a normal erythropoiesis. All were 
convalescing and ranged in age between 18 and 86. 

Proper grouping, Rh typing, and cross matching were 
carried out in all instances. Blood volume measure- 
ments, hemoglobin, and hematocrit determinations were 
also carried out. All recipients were Rh positive. 

The transfused blood was well mixed by gentle rotation 
before and during the administration. The rate of trans- 
fusion was maintained at about 5 ml. per minute, the 
whole procedure requiring 24 to 30 minutes. The 
amount of blood given to the various recipients was meas- 
ured volumetrically by calibration of each bottle before 
and after transfusion. All the blood remaining in the tub- 
ing and filter was washed into the recipient by saline solu- 
tion immediately following the blood transfusion. The 
amount of blood remaining in the bottle, usually amount- 
ing to 10 ml. was carefully measured after removal with 
measured amounts of saline solution and used for radio- 
activity measurements. The exact number of packed red 
cells given was also determined by this method. 

Samples of blood were taken from each of the recipi- 
ents within 1 minute of the completion of the transfusion, 
% hour and 3 hours after transfusion, and twice daily 
for S days and at the end of the seventh day. These 
samples were withdrawn with new syringes and needles 
and without stasis. The blood was drawp into a double 
oxalated tube, and the hematocrit was determined. The 
red cells were then “laked” with 30 ml. of distilled water 
and used for radioactivity measurements. The patient’s 
blood volume was measured with the dye method (8 to 11) 
and also calculated from the unit activity of the donor’s 
blood and the unit activity of the first sample after trans- 
fusion. 

The cell survival was calculated from the unit activity 
of the donor’s blood, the volume of cells given, the unit 
activity of the recipient’s blood, and the volume of the 
recipient’s blood cells. 

Citrate-glucose solution (McGill No. 1) 

The 2 radioactive donors were bled of about 400 ml. 
into 200 ml. of McGill solution No. 1. This latter solu- 
tion was prepared by using 80 ml. of a 3.2 per cent solu- 


tion of sodium citrate and 120 ml. of a 5.4 per cent dex- 
trose solution. These 2 solutions were sterilized separately 
and mixed in the proper proportion before use in the 
standard donor bottles. 

The results are expressed as per cent of cell survival 
against time (sec Figure 1). The survival of erythrocytes 
using the fresh blood appeared to be optima! in recipient 
SR-1. In recipient SR-2, however, a drop of 10 per cent 
of the transfused blood apparently occurred in the first 
24 hours with further cell loss in the first 7 days to a 
total of about 16 per cent. Erythrocytes from blood stored 
at plus 4' C. for 10 days appear to be definitely less re- 
sistant. An average of 50 per cent of the cells appear 
to be lost from the circulation within the first 24 hours. 
This confirms findings obtained by the determination of 
the serum bilirubin and total bile pigment. The state of 
preservation of erythrocytes from blood stored for 20 and 
30 days appears to be extremely poor. Eighty per cent or 
more of the erythrocytes from 4 samples appears to be de- 
stroyed within the first 3 hours. 

No untoward reactions were encountered in any of the 
transfusions given. 

A.C.D. solution (Rapoport) 

The formula suggested by Rapoport is as follows ; 

Sodium citrate (2HtO) . 1.66 grams 

Citric acid (HsO) 0.59 gram 

Distilled water 100.00 ml. 

To 90 ml. of this solution 22.5 ml. of IS per cent dex- 
trose were added in the collection bottles and the mixture 
was sterilized by autoclaving for 20 minutes at 120® C. 

Four hundred and fifty ml. of the donor’s blood were 
collected in the above A.C.D. solution according to the 
method described above. The blood was then divided by 
a closed system into 4 aliquots of approximately ISO ml. 
each. 

The 4 aliquots from each donor were transfused into 4 
human recipients at the following intervals of time; im- 
mediately, 10 days, 20 days, and 30 days in one case; and 
immediately, 10 days, 21 days, and 31 days in the other. 

The results of this experiment are summarized in Figure 

2. 

With fresh blood, in the first 24 hours after transfusion, 
recipient SR-9 showed a drop of 10 per cent of the trans- 
fused blood'and recipient SR-13 showed a drop of 6 per 
cent. After 10 days of storage, recipient SR-10 showed 
a 10 per cent drop in 24 hours and SR-14, a 9 per cent 
drop. With blood stored 20 and 21 days respectively, 
SR-11 showed a drop of 61 per cent in the first 24 hours 
and SR-lS, a drop of 58 per cent. At the end of 30 and 31 
days of storage, in recipient SR-12 there was a drop of 
89 per cent in the transfused cells and in recipient SR-16, 
a drop of 85 per cent in the first 24 hours following trans- 
fusion. 

The preservation of erythrocytes with this A.C.D. 
solution is good for a period of storage up to 10 or 11 
days. The erythrocyte survival after 20 to 21 days’ 
storage is very poor. 
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Fig. 1. Post-Transfusion Survival of Erythrocytes Determined by Radioactive Iron. Whole Blood Pre- 
served IN Citrate-Glucose Sol. without Buffer (McGill Solution no. 1) 


Citrate-glucose solutiou {Baxter- Alsever') 

The citrate-glucose solution (Baxter-Alsever) was fur- 
nished by the Baxter Company ready for use. The 
formula is as follows; 

Trisodium citrate 0.8 per cent 

Dextrose 2.05 per cent 

Sodium chloride 0.42 per cent 

Water 500 ml. 

pH 6.0 

Four hundred and forty-three ml. of the donor’s blood 
were placed in 500 ml. of this solution. The blood was 
then stored at plus 4° C. for 13 days. At the expiration 
of this period of time the blood was thoroughly mixed and 
divided into 2 aliquots of approximately equal size. The 
blood was then administered immediately to 2 recipients. 
After 13 days of preservation, the survival of the eryth- 
rocytes transfused was 70 per cent and 64 per cent re- 
spectively. In both recipients hyperbilirubinemia oc- 
curred. 


Recipient SR-17 was a male, aged 54, convalescing 
from a subtotal gastrectomy, weight 60 kgm., height 170 
cm. This patient received 132.8 ml. of packed erythrocjdes 
and the survival measured with the radioactive iron 
technic showed within 3 hours of transfusion a drop of 21 
per cent, indicating the destruction of 27.8 ml. of packed 
crythrocj'tes. The serum bilirubin before transfusion was 
0.7 mgm. per cent, 3 hours after transfusion it rose to 
1.0 mgm. per cent, and after 7 hours to 1.8 mgm. per 
cent; 24 hours after transfusion it had returned to normal, 
0.7 mgm. per cent (see Figure 3). 

Recipient SR-18 was a female, aged 47, convalescing 
from skin grafting, weight 71.8 kgm., height 162.5 cm. 
This patient received 107 ml. of packed erythrocytes and 
the survival measured with the radioactive iron technic 
showed a loss of 19 per cent of the transfused erythrocytes 
at the end of 3 hours, indicating a loss of 20-3 ml. of 
packed red cells. The patient’s scrum bilirubin before 
transfusion was 0.5 mgm. per cent; 3 hours after, it was 
1.3 mgm. per cent; 7 hours after, it was 0.7 mgm. per 
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DAYS OF BLOOD PRESERVATION AT 4° G 


Fio. 2 


cent; and 24 hours after, it was 0.8 mgm. per cent. As 
control, a third recipient SR-20 received a comparable 
amount of blood preserved in B.M. A.C.D. No. 3 for the 
same period of time. The radioactive iron study showed a 
good preservation with a destruction within 3 hours of 
transfusion of less than 5 ml. of packed erythrocytes. 
There was no significant change in this patient’s serum 
bilirubin level. 

It can be said in conclusion that with the Baxter- 
Alsever solution optimal preservation of whole blood is 
less than 13 days, probably not more than 1 week. 


A.C.D. solution (Bryn Mawr No. 3) 
The formula is as follows : 


Sodium citrate (trisodium dihydric) 
Citric acid (monohydric) 

Dextrose (anhydrous) 

Water 


2.1 grams 
0.66 gram 
2.0 grams 
100.0 ml. 


75 ml. of this mixture contains: 

Sodium citrate 
Citric acid 
Dextrose 


1.6 grams 
O.SO gram 
1.5 grams 


Five hundred ml. of blood from the same 2 donors were 
collected in 75 ml. of this solution according to the above 


technic. Each sample was divided into 4 equal aliquots 
by a closed system and stored at plus 4° C. until ready 
for use. 

The 4 aliquots from each donor were transfused ac- 
cording to the technic described into 4 human recipients at 
varying intervals of time : immediately, 7 to 8 days, 14 to 

15 days, and 21 to 22 days. 

The recipients selected for use were similar to those 
used above, and their ages varied from 37 to 79. 

The results are summarized in Figure 2. 

With the injection of fresh blood there appears to be 
no immediate loss of cells. After 7 to 8 days, the loss is 
10 per cent; after 14 to IS days of preservation, the loss 
remains at 10 per cent; and after 21 to 22 days, it is only 

16 per cent. 


DISCUSSION 

The radioactive iron technic as applied to 
the study of whole blood preservation has given 
results comparable to those previously obtained 
from the study of the serum bilirubin level before 
and after transfusion and from the measure of 
the total bile pigment output. 

The data show that with the addition of dextrose 
to sodium citrate and with variable amounts of 
water to obtain a final dextrose concentration in 
the plasma of 1.45 per cent (McGill No. 1) to 
1.28 ( Baxter- Alsever), the period of preservation 
is increased over that obtained with plain citrate 
solution. The increased period of preservation 
is in any case relatively small. If the standard of 
optimal preservation of 90 per cent and 70 per 


tng. SERUM 
BILIRUBIN 



Fig. 3. Hyperbilirubikemia Occurring in Patients 
Receiving Blood Preserved for Thirteen Days in a 
Citrate-Glucose Solution (Baxter- Alsever) 
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cent minimal is adopted, McGill solution No. 1 
is good only lor about 5 days and the Baxter- 
Alsever for approximately 12 to 14 days. 

The acid citrate-dextrose solutions tested gave 
a far better preserv^ation. The solution with less 
glucose (.4 per cent Bryn Mawr No. 3) gave a 
distinctly better preservation than the solution 
with more glucose (.88 per cent Rapoport). 

In comparing the maximal length of satisfac- 
tory' ery'throcyte presentation with various solu- 
tions obtained by the diflerent obsen'ers using a 
comparable technic, it will be noted that the 
results obtained byt our group at Bry^n Slawr 
Hospital are generally' indicative of a shorter 
sun'ival of the erydbrocytes after transfusion. 
This is most likely due to the fact that at the 
Brytn Mawr Hospital all recipients were conva- 
lescent patients, whereas in most other studies 
the recipients were normal adult males. The 
implication of a more rapid erythrocyte destruc- 
tion is borne out by other observations, particu- 
larly the higher total bile pigment output in dis- 
eases. 

In addition to the means of study mentioned, 
we have repeatedly attempted to follow the fate 
of transfused red cells by means of the Ashby 
technic (12) as modified by Denstedt (13). 
The results which we have obtained are very 
difficult to interpret. The major difficulty', en- 
countered by other experimenters, is due to the 
fact that the count of non-agglutinable cells varies 
a great deal. We have noted that non-agglutin- 
able cells seem to disappear from the circulation 
suddenly and for irregular periods of time; their 
reappearance is usually at an unpredictable level. 
Under these circumstances, to draw a line and 
to interpret the slope of such line as meaning 
progressive loss of the transfused cells appears 
to us to be somewhat arbitrary'. We have not 
been able to correlate the findings obtained with 
the technic of Dr. Denstedt with the results 
obtained with the studies of the bilirubin level 
following transfusion and with the results ob- 
tained from the study' of the total bile pigment 
output in the day's immediately' following the 
transfusion nor with the results obtained with 
the radioactive iron technic. We are, there- 
fore, not reporting in this paper the results of the 


studies on cell preserv'ation using the non-ag- 
glutinable cell technic. 

CONCLUSIONS 

A.C.D. solutions are a better blood preservative 
than citrate or glucose-citrate solutions. With 
the best formulas optimal preservation can be 
secured for at least 22 days. 
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The practice of transfusion of red cells left 
over from preparation of plasma has gained some 
popularity (1 to 11). Whether or not this prac- 
tice will ever become an accepted and widespread 
procedure and what its practical merits are need 
not be discussed at this time. 

It is obvious that the use of red cells left over 
from plasma prfeparation is possible only when 
plasma is separated after a relatively short period 
of time. It has been the practice to resuspend 
the red cells in crystalloid solutions of which the 
two most popular have been physiological salt 
solution (5) and 10 per cent corn syrup (12). 
Since the red cells normally are immersed in a 
colloidal protein fluid, it is natural to expect 
a priori a better preservation of the erythrocytes 
when maintained in a protein colloidal medium. 
This has been found to be true in the experimental 
work reported here. Ross (13) has shown good 
preservation of red cells left over from plasma 
preparation when the cells are simply stored in 
the remaining plasma. In this paper it will be 
shown that globin considerably improves the 
preservation of red cells and that its use as a 
resuspension medium for red cells is practical. 
This does not justify at present the conclusion 
that for optimal preservation of erythrocytes it 
is necessary to add any diluting fluid to the 
packed cells left over after the separation of 
plasma. 

1 This paper is the 20th of a series on blood, plasma, and 
plasma substitutes from the Laboratory of Clinical Path- 
ology of the Bryn Mawr Hospital. The work described 
in this paper was done under a contract recommended by 
the Committee on Medical Research, between the Office 
of Scientific Research and Development and the Bryn 
Mawr Hospital, and with the aid of the Bryn Mawr Re- 
search Foundation. 


PRESERVATION OF ERYTHROCYTES IN PHYSIO- 
LOGICAL SALT SOLUTION 

This resuspension medium has been the most 
commonly used. The maximum recommended 
period of preservation is from 5 to 6 days (10) 
at icebox temperature. We have found that the 
presert'ation of fresh red cells in physiological 
saline solution at 4° C. for more than a few hours 
ver}' greatly reduces the post-transfusion sur- 
vival of the red cells. Injection of 200 to 450 ml. 
of such cells in humans (corresponding to 500 to 
1,000 ml. of whole blood) is followed in the 
majority of cases by hyperbilirubinemia and 
greatly increased bile pigment output. 

In these experiments the blood was collected in plain 
sodium citrate solution (50 ml. of 4 per cent sodium citrate 
for each 500 ml. of blood), and immediately stored at 4° C. 
The plasma was separated after centrifugation and in any 
case within 36 hours from the time of collection. The red 
cell residue was immediately mixed with .9 per cent 
sodium chloride solution, chilled, in an amount approxi- 
mately equivalent to that of the plasma removed. The 
red cell-saline mixture was immediately placed at 4° C. 
and was maintained there until time for use. Grouping, 
Rh typing and cross matching were carried out as usual. 
A typical case is reported here. 

The patient was a man, aged 54, white. This patient 
was chosen because hematological studies, including a 
bone marrow biopsy and total bile pigment output determi- 
nations, had shown that the sole defect was a greatly re- 
duced normoblastic activity of the bone marrow, from 
cause unknown. On first admission to the hospital on 
May 23, the hemoglobin concentration was 2.3 grams per 
cent with a reticulocyte count of .1 per cent and a total 
volume of circulating packed erythrocytes of only 280 ml. 
The patient belonged to the B group and was Rh negative. 
Sixteen whole blood transfusions of compatible blood, 
each containing on an average of 450 ml. of blood, were 
given to this patient over a 53-day period. The patient 
appeared to tolerate well the transfusions of whole citrated 
blood, showing no hyperbilirubinemia nor any other signs 
of reaction. At the time of his discharge on July 12 the 
hemoglobin concentration was 9 grams per cent. The 
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preserved for 2 days. On August 4, 43S ml. of packed 
erythrocytes as 1,146 ml. of whole citrated blood were 
given to the patient, one lot of blood being 2 days old 
and the other 4 days old. The patient had no apparent 
reaction to the transfusion. On August 5, the hemoglobin 
concentration was 8.6 grams per cent and the measured 
volume of packed erythrocytes was 1,538 ml. with an ap- 
parent gain of 780 ml. of packed erythrocytes. This 
represents for the period of time of observation a good sur- 
vival of the injected red cells, the total amount of injected 
red cells having been 740 ml. As can be seen from Figure 
1, the transfusion of whole citrated blood preserved from 
1 to 4 days at 4° C. was not followed by a notable increase 
in the serum bilirubin level, 

IN K/raO COMPARATIVE STUDIES ON THE PRESERVA- 
TION OF ERYTHROCYTES IN 4 PER CENT 
GLOBIN SOLUTION, SALT SOLUTION AND 
10 PER CENT CORN SYRUP 

The effect of a 4 per cent globin solution on 
the preservation of resuspended erythrocytes has 
been studied both in vitro and in vivo. The 
studies in vitro included pH determination, mean 
corpuscular volume, osmotic resistance, and the 
hemoglobin concentration in the supernatant fluid. 

The addition of globin to a suspension of ery- 
throcytes in salt solution does not appreciably 
alter the cell preservation. However, when the 
erythrocytes are suspended in a sodium citrate- 
dextrose solution, the globin exerts a definite 
beneficial effect on the preservation. We are well 
aware that the ' choice of crystalloids and their 
relative concentration as well as the final pH 
of the solution employed here are probably far 
from the ideal. We are, however, reporting a 
typical experiment to show the change which the 
addition of globin produces in the preservation of 
erythrocytes. 

Five hundred ml. of blood from an adult healthy donor • 
were collected in 60 ml. of a 4 per cent sodium citrate 
solution, chilled. The sodium citrate solution was chosen 
because it was the same used by the Red Cross bleeding 
centers. The blood was allowed to remain for 18 hours 
at 4“ C. It was then centrifuged for 45 minutes at 1,800 
times gravity. The plasma was carefully removed, leav- 
ing only about 20 ml. of it with the packed red cells. 
The red cell sediment was then carefully mixed with the 
remaining plasma, and by means of a sterile calibrated 
cylinder it was divided into aliquots. Each of these ali- 
quots was mixed with an equal part of the various preserv- 
ing fluids. The composition of these is given in the fol- 
lowing table; 


Salt solution: 


Sodium chloride 

.9 per cent 

A.C.D. solution: 


Sodium citrate (trisodium, dihydric) 
Citric acid (monohydric) 

Dextrose (anhydrous) 

Distilled water (pyrogen-free) 

1.66 grams 
0.59 gram 
3.75 grams 
125 ml. 


Corn syrup: 10 per cent sterile solution as obtained 
from Schering, Glatz Company. 

Dextrose-citrate; 


Dextrose (anhydrous) 

2.4 grams 

Sodium citrate (trisodium dihydric) 
Water 

1.9 grams 
100 ml. 

Globin-dexirosc-ciirate: 


Globin 

4 grams 

Dextrose (anhydrous) 

2.4 grams 

Sodium citrate (trisodium, dihydric) 

1.9 grams 

Water 

100 ml. 


After mixing, the various red cell suspensions were 
cultured and divided into 10-ml. aliquots in hard glass, 
rubber-stoppered bottles. These were immediately placed 
at 4° C. and maintained at this temperature until the time 
of study. 

The determination of the osmotic resistance was made 
by a modification of the technique suggested by Parpart 
( 14) ; the mean corpuscular volume was done in duplicate ; 
the pH was determined witlr a Beckman apparatus. The 
hemoglobin of the supernatant fluid was done after 
thorough mixing of the sample followed by centrifugation. 
All samples were cultured again at the end of the stated 
period of time. 

ANALYSIS OF RESULTS 

Mean corpuscular volume. There was swell- 
ing in all of the solutions used. This swelling 
was minimal with the citrate-dextrose solution 
and with the salt solution. It was maximal with 
the 10 per cent corn syrup (see Figure 2). By 
the fifth day of preservation and continuing on 
to the end of the experiment, there was a shrink- 
age of the cells to within the normal range, except 
for the A.C.D. solution in which there was an 
excessive shrinkage followed by a progressive 
swelling to normal size. The addition of globin 
to the dextrose-citrate solution appears to have 
a definite effect on the rate and range of volume 
changes. 

Mean osmotic resistance of resuspended ery- 
throcytes (fragility). Except for the sodium chlo- 
ride, the mean osmotic resistance is considerably 
increased. This increase is minimal with the 
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Fig. 2. Mean Corpuscular Volume 


globin citrate-dextrose solution, and it is maxi- 
mal with the A.C.D. solution. The addition of 
globin to the citrate-dextrose solution definitely 
effects a change in osmotic resistance, maintain- 
ing it nearer to the normal change (see Figure 

3). 

pH variations. The variations of the pH of 
the original solutions of the supernatant fluid are 
indicated in the following table; 
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Fig. 3. Mean Osmotic Resistance of Resuspended 
Erythrocytes (Fragility) 

POST-TRANSFUSION SURYTS^AL OF ERYTHROCYTES 
SUSPENDED IN 4 PER CENT GLOBIN SOLUTION 
BY THE RADIOACTIY'E IRON TECHNIC 

Clinical observations 

Studies on the in vivo survival of erythrocjdes 
resuspended in globin solution by means of the 
iron isotope technic have been carried out (see 
Figure 5). 


10 per 

A.C.D. cent com 
sj'rup 


Salt 

solution 


Dex- Globin- 
trose* dextrose- 
citrate citrate 


pH of 

original 

solution 

5.04 

4.22 

5.52 

6.05 

pH of 

supernatant 

fluid 





0 

6.0 

7.3 

7.4 

7.1 

5 

6.0 

7.5 

7.7 

7.05 

12 

6.0 

7.6 


7.05 

19 

6.0 

7.6 

7.4 

7.0 

26 

6.0 

7.6 


7.0 

33 

6.0 

7.5 


7.0 

40 

6.0 

7.4 


7.0 


Hemoglobin concentration in the supernatant 
fluid. To obtain this datum, the erythrocyte 
suspensions were thoroughly mixed and cen- 
trifuged ; the determination was made by the 
micro method reported separately (15). The 
hemoglobin concentration in the A.C.D. solution, 
in the citrate-dextrose solution, and in the globin 
citrate-dextrose is comparable. It is definitely 
less m the 10 per cent com symp and increases 
much more rapidl}- in the salt solution. These 
data appear of little significance (see Figure 4). 
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Fig. 5. Survival of Erythrocytes Resuspended in Citrate Dextrose-Globin Solution 

Determined by the Iron Isotope Technic 


The survival of the transfused cells is 75 to 
80 per cent up to 7 days of preservation and 50 
per cent or better up to 15 days. It is of very 
great importance to note that: 

(j) In our experience, using as recipients pa- 
tients rather than healthy males as in the experi- 
ments reported by Gibson, the preservation of 
cells as determined by the iron isotope technic 
is generally poorer than that found by other ob- 
servers, regardless of the preserving fluid em- 
ployed. 

(p) Whereas with all of the preserving fluids 
so far used the rate of cell deterioration is defi- 
nitely accelerated, as the preservation is prolonged, 
with addition of globin it becomes definitely 
slower. 


It is probable that an initial damage occurs and 
that a better choice of crystalloids to make the 
fluid iso-osmotic may very materially improve the 
preserving properties of the globin solution. 

Figure 6 affords a comparison of the rate of 
preservation of erythrocytes resuspended in glo- 
bin dextrose-citrate and of whole blood preserved 
in A.C.D. and glucose-citrate solutions. 

The decline of the hemoglobin concentration 
noted in the days following was small and com- 
parable to that noted previously. There appears 
to be no reason to encourage the use of erythro- 
cytes preserved at 4° C. in saline solution for 
more than a few hours for the purpose of trans- 
fusion. As a matter of fact there appears to be 
no good reason for resuspending the red cell 
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Fig. 6. Survival of Whole Blood and Resuspended 
Erythrocytes in Various Solutions 

residue in saline at all, as they can be transfused 
as they are, using an 18-gauge needle. 

About SO transfusions of 200 to 230 ml. of 
packed red cells, resuspended in globin solution, 
have been administered. Studies of the serum 
bilirubin content have been carried out. No hy- 
perbilirubinemia has occurred, nor untoward re- 
actions of any sort. The clinical results were 
those to be expected from well preserved cells. 

CONCLUSIONS 

The addition of globin in a 4 per cent concen- 
tration to an isotonic solution of dextrose-citrate 
increases the preservation of red cells left over 
from plasma preparation. With this mixture the 


preservation is optimal for 7 days, good up to 
15 days. 
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The blood preservative introduced by Loutit 
and Mollison (1) consisting essentially of a sodi- 
um citrate-dextrose mixture of relatively low pH, 
has proved superior to previously employed pre- 
serving fluids. The original formula and many 
subsequent modifications have a rather high vol- 
ume. This produces considerable dilution of the 
plasma proteins. 

The purpose of this study, begun in June 1944, 
was to obtain an A.C.D. solution of lower volume, 
so as to maintain an optimal concentration of 
plasma proteins, maintain or improve the ca- 
pacity to preserve erythrocytes, and at the same 
time insure maximal stability of the resulting 
plasma. 

The first solution tested was one proposed by 
Rapoport, as follows : 

Sodium citrate (trisodium dihydric) 1.66 grams 
Citric acid (monohydric) 0.59 gram 

Distilled water 100 ml. 

22.5 ml. of 15 per cent dextrose were added to 
90 ml. of this solution, and the resulting solution 
was sterilized by autoclaving for 20 minutes at 
120° C. This formula can be written as follows 
for the sake of comparison with other formulas : 

A.C.D. Rapoport 

Sodium citrate (trisodium dihydric) 1.50 grams 
Citric acid (monohydric) .55 gram 

Dextrose 3.37 grams 

Water 112.5 ml. 

112.5 ml. of this solution were used for each 
500 ml. of blood collected. The solution was 
cooled to 4° C. previous to use. 

1 This paper is the 21st of a series on blood, plasma, and 
■ plasma substitutes from tbe Laboratory of Clinical Path- 
ology of the Bryn'Mawr Hospital. The work described 
in this paper was done under a contract recommended by 
the Committee on Medical Research between the Office of 
Scientific Research and Development and the Bryn Mawr 
Hospital, and with tlie aid of the Bryn Mawr Research 
Foundation. 


The post-transfusion survival of er}-throcytes 
collected in this solution was tested with the 
radioactive iron technic (2). With fresh blood 
there was an immediate loss of 6 to 10 percent 
of the transfused cells. There was no increased 
loss of transfused cells after 10 days of preserva- 
tion at 4° C. After 21 days of storage the survival 
dropped to 40 to 58 per cent and at the end of 
31 day's of storage the preservation was less than 
20 per cent. 

In a first modification of Rapoport’s solution 
the amounts of citrate and glucose were slightly 
increased and the amount of water reduced. The 
formula was as follows : 

Bryn Mazur A.C.D. No. 2 

Sodium citrate (trisodium, dihydric) 1.6 grams 
Citric acid (monohydric) 0.56 gram 

Dextrose (anhydrous) 3.6 grams 

Water to 100 ml. 

One hundred ml. of this solution were used 
for each 500 ml. of blood. 

This solution was adopted for routine use in 
the hospital and by January 16, 1945, a total of 
587 lots of blood had been collected in this solution. 
The results of 139 whole blood transfusions were 
thoroughly studied. It was concluded from these 
preliminary studies that this solution was no 
better than the previous one for preservation of 
erythrocytes, but it was found that the plasma 
obtained was somewhat more stable. The studies 
of the plasma composition will be reported later 
on. In vitro studies showed that the concentra- 
tion of dextrose was much higher than the opti- 
mal. This conclusion was reached from studies 
of the osmotic resistance, mean corpuscular vol- 
ume, and hemoglobin concentration in the super- 
natant plasma. Since this solution was not com- 
pletely satisfactory, it was decided to study the 
effect of varying amounts of dextrose. At the 
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same time the volume was reduced to 75 ml. 
Similar results were reported by Rapoport (3). 
A basic formula was then adopted: 

Sodium citrate (trisodium, dihydric) 1.6 grams 
Citric acid (monohydric) 0.56 gram 

Water 75 ml. 

Varying amounts of dextrose were added to 
this basic formula as follows: -1.6, 1.8, 2.0, 2.2, 
2.4 grams. Seventy-five ml. of the resulting solu- 
tions, chilled, were used for 500 ml. of blood. 

IN VITRO STUDIES OF A.C.D. SOLUTIONS WITH VARY- 
ING AMOUNTS OF DEXTROSE 

These included mean corpuscular volume, hemoglobin 
concentration in the supernatant plasma, and osmotic re- 
sistance. Samples of blood were prepared for in vitro 
studies as follows: 500 ml. of blood were obtained in a 
chilled donor bottle containing 1.6 grams of sodium 
citrate and .56 gram of citric acid in 50 ml. of water. 
Immediately after collection, the blood was divided into 5 
equal aliquots and immediately transferred to 5 bottles, 
chilled, each containing 5 ml. of a solution of dextrose to 
yield the final concentration noted previously. A deter- 
mination of the hemoglobin concentartion in the 5 samples 
was done to correct any inequality in the measuring of the 
samples. All figures given have been corrected. Samples 
of blood were taken from each solution to be tested im- 
mediately after mixing. The blood was then stored at 
4° C. and similar samples were taken at the end of 7, 14, 
21, and 28 days. Before sampling, the blood was thor- 
oughly mixed by gentle rotation for a period of 5 minutes. 
At the completion of this time approximately 7 to 8 ml. 
of blood were removed aseptically and used for the various 
tests. 

The technic used for the determination of the mean 
corpuscular volume is as follows : One ml. of blood was 
placed in a Wintrobe hematocrit tube and this was centri- 
fuged at 3,600 r.p.m. for 30 minutes. The hematocrit was 
then read and the blood was again centrifuged at 3,600 
r.p.m. for 10 minutes. If there was no change in the read- 
ings, the hematocrit was then read directly and an eryth- 
rocyte count was done on the same sample. The mean 
corpuscular volume was calculated in the usual manner. 

The technic for the determination of the hemoglobin 
in the supernatant plasma is as follows : a 5-ml. sample 
of blood was centrifuged for 10 minutes at 1,800 r.p.m. 
At the end of this time the plasma was removed by the 
use of a capillary pipette and the hemoglobin determined 
as described elsewhere (4). 

The technic used for determining the osmotic resistance 
is that suggested by Parpart (5), modified as follows: .05 
ml. of whole blood was added to 5 ml. of the various solu- 
tions of Se ries I.= These mixtures were then placed in 

- Series I and Series II each consist of 10 tubes, each 
containing 5 ml. of a sodium chloride solution of the 
following concentration per cent: 


the water bath at 37° C. for ^4 hour. At the end of this 
time the tubes were removed from the water bath and 5 
ml. of each of the corresponding solutions of series II 
were added, the tubes were thoroughly mixed, centrifuged 
for 10 minutes at 3,600 r.p.m. The hemoglobin in the 
supernatant fluid was then estimated with the Klett 
photoelectric colorimeter. The hemoglobin content of 
the tube containing 0.1 per cent sodium chloride was con- 
sidered as 100 per cent hemolyzed; the hemoglobin read- 
ing of the other tubes was recorded in per cent of this 
value. In Figure 2 sodium chloride concentration giving 
50 per cent hemolysis are plotted against time of storage 
for the various preservative solutions. 

Mean corpuscular volume 

For the 5 solutions tested, those with the higher 
dextrose concentration showed an increasing fluc- 
tuation in the values of the mean corpuscular vol- 
ume. The 2 highest concentrations of dextrose 
produced an abnormally high mean corpuscular 
volume of the stored cells. The pattern of varia- 
tions for each concentration has been found to be 
fairly constant for blood from the same source 
(see Figure 1). 

Osmotic resistance 

For the first 3 weeks of preservation there was 
little difference between the cells preser\'ed in the 
various concentrations of dextrose. A slight 
spread of values occurred after the riventy-first day 
of storage, the lower concentrations of glucose 
showing a better osmotic resistance than the higher 
(see Figure 2). 

Hemoglobin concentration in supernatant plasma 

There appears to be no difference up to the four- 
teenth day of storage between erjlhrccj-tes in the 
various concentrations of dextrose. A definite 
spread of values occurred at the end of the third 


Tube Ko. 

Sodium chloride 
grams per cent 

Scries I 

n 

1 

0.100 

1.900 

2 

0.300 

1.700 

3 

0.400 

1.600 

4 

0.450 

1.550 

5 

0.500 

liOO 

6 

0.550 

1.450 

7 

0.600 

1.400 

8 

0.700 

1.300 

9 

0.900 

1.100 

10 

1.000 

1.000 

Intermediate concentrations are used 

wiitnes’er necessarv. 




DAYS OF STORAGE AT 40C. 


2 

SYMBOLS: 
DEXTROSE CONTENT 
OF PRESERVING FLUID: 

■ 2.4 gm.% 

2.2 *. 


Fig. 2. Effect of Dextrose Concentration on the Osmotic Resistance of 
Erythrocytes (50 Per Cent Hemolysis Plotted) 
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Fig. 3. Effect of Dextrose Concentration on He- 
moglobin IN THE Supernatant Plasma 


week. The higher dextrose concentration showed 
a greater hemolysis (see Figure 3). 


From these studies in vitro it was concluded that 
the amount of dextrose could be profitably re- 
duced. Accordingly the following formula was 
adopted (February' 1945) for further clinical 
trials : 

B.M.H.—A.CD. No. 3 

Sodium citrate (trisodium, dihydric) 1.6 grams 
Citric acid (monohydric) 0.56 gram 

Dextrose (anhydrous) 1.5 grams 

Water 75 ml. 

Seventy-five ml. of this solution are placed in 
each collecting bottle and steam sterilized at 120° 
C. for 20 minutes. The pH of this solution is 4.8 
and the pH of the resulting plasma varied from 
7.05 to 7.45 (see Table I). 

This formula was compared with the B.M.H. — 
A.C.D. No. 2 in a series of studies hi vitro. It was 
noted that with the B.M. No. 3 the mean corpus- 
cular volume remained within the normal range 
for at least 28 days, whereas with the B.M. No. 2 
the tendency was to swelling beyond normal much 
sooner. 


TABLE I 


B.M.H. No. 3 
A.C.D. plasma (75 ml.) 
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A comparison of results of the studies of the os- 
motic resistance with the 2 solutions shows (see 
Figure 4) that the blood preserved in the B.M. 
No. 3 with lower dextrose content, remained 
within the normal limits for at least 35 days 
whereas , with the B.M. No. 2, abnormal resistance 
developed by the eighteenth day. 

IN VIVO STUDIES 

Radioactive iron 

Radioactive iron studies on the survival of 
transfused erythrocytes after varying lengths of 
storage at 4° C. in B.M. — A.C.D. No. 3 have been 
reported elsewhere (2). The study showed opti- 
mal preservation up to at least 22 days, the survival 
of the erythrocytes being 84 per cent, a result bet- 
ter than that obtained with any other preserving 
fluid tested. 

Hyperbilirubinemia 

Determinations of the recipient’s serum bilirubin 
level were carried out immediately before and 3 
hours after completion of the transfusions. Figure 
5 shows the result of such studies in 48 transfu- 
sions. The volume of transfusions was 450 to 500 
ml. of whole blood (not including the preserving 
fluid). 

While the data are as yet insufflcient to allow 
a definite conclusion to be reached, there appeared 


to be no increase in the rate of hyperbilirubinemia 
during the first 21 days of storage. 

Clinical obsei-vations 

From 2/7/45 up to date, 5,010 specimens of 
blood have been collected in the Bryn Mawr A.C.D. 
No. 3. Studies of 1,215 whole blood transfusions 
were made and the reaction rate as well as the ex- 
pected clinical results have been found to be opti- 
mal. No difficulties were encountered in the 
filtration of blood preserved up to 22 days. A 
complete description of a type of filter suitable for 
whole blood is given elsewhere (6). Proper fil- 
tration is obtained with finely woven nylon, stain- 
less steel cloth (1(X) mesh) or multiple layers of 
more loosely woven gauze. When employing ordi- 
nary 40-mesh gauze, it should be used in 4 thick- 
nesses. 

To allow rapid filtration of blood, the filtering 
surface with any of the above mentioned materials 
should be 30 to 38 sq. cm. 

It is essential to maintain the blood in constant 
slow rotating motion while it is being collected (7) 
and to mix the blood thoroughly before administra- 
tion by gently rotating the bottle held at various 
angles for at least 3 minutes. 

An objection was raised concerning the possibil- 
ity that with lowered dextrose content the glyco- 
lytic action of the erythrocytes would deplete the 
dextrose before the estimated period of maximal 



Fig. 4. Osmotic Resistance of Erythrocytes Stored in Bryn Mawr 
A.C.D. No. 2 and No. 3 
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SERUM BILIRUBIN 
mgi>% 



Fig. 5. Variations in Serum Bilirubin Concentration Immediately Before and 3 Hours After Transfu- 
sion OF Blood Stored in A.C.D. B.M. No. 3 


preservation o£ 4 weeks. Repeated studies have 
shoivn that such is not the case. For the determi- 
nation of the dextrose content of whole blood and 
plasma, samples of blood were taken as described 
previously. A protein-free filtrate of whole blood 
and of plasma was prepared by the Folin-Wu 
technic and the dextrose content was determined 
by the Benedict method. The dextrose content 
of the red cells was calculated by differential. 

Dextrose appears to be present in optimal con- 
centration in both plasma and erj'throcytes for at 
least 28 days (normal content of dextrose in 
plasma 95 mgm. per cent and in erythrocytes 66 
mgm. [see Figure 6] ) . 

These studies were repeated in a series of ran- 
dom specimens of blood obtained from the blood 
bank. The data contained in Figure 7 were ob- 
tained from determinations done on routine blood 
bank spedmens, varjnng in volume from 450 to 500 
ml. of whole blood. These were collected in the 
F.M. — ^A.C.D. No. 3, chilled and presen-ed un- 
disturbed at 4° C. The dextrose determinations 
were done on an aliquot of well mixed blood ob- 
tained at the time of deliver}’ of blood for adminis- 
tration to patients. The determinations were car- 
ried out by the Benedict method. 


Figure 7 shows that for preservation up to 21 
days at least 190 mgm. or more of dextrose are 
present. 

A.C.D. PLASMA 

The general composition of 10 pools of plasma 
obtained from blood presen-ed in B.M. — ^A.C.D. 
No. 2 were studied. When the findings were com- 
pared with similar ones obtained from the study 
of lots of plasma similarly prepared from plain 
citrated blood, it was found that the B.M. — ^A.C.D. 
No. 2 plasma had a lower hemoglobin content, 
a lower prothrombin content, a lower complement 
content, a lower protein content, a lower pH, 
and a lower turbidit}’. It is important to keep 
in mind that the A.C.D. blood was stored be- 
fore separation of plasma for a period of time 
comparable to that of the plain citrated blood but 
that the dilution was somewhat greater. It was 
also found that the fibrinogen in the A.C.D. No. 2 
plasma was definitelj- more unstable than in the 
ordinary citrated plasma. Flocculation of fibri- 
nogen occurred more readily in plasma kept in the 
liquid state or thawed from the frozen state. A 
very considerable improvement in the quality of 
plasma was obtained by using the B.M. — .A.C.D. 
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Fig. 6 

No. 3 solution for the preparation of plasma. The 
general composition of 10 pools of such plasma is 
given in Table I. 

When these findings were compared with those 
from lots of plasma similarly prepared from the 
B.M. — A.C.D. No. 2 solution (see Table II) it 

TABLE II 


Comparison of plasma obtained with A.C.D. solutions 



B.M.H. 
No. 2 
A.C.D. 
sol. 

100 mJ. 

B.M.H. 
No. 3 
A.C.D 
sol. 

75 ml. 

Total no. of bleedings 

110 

119 

Average time of preservation at 4° C., days 

8.8 

8.7 

Average volume of bleedings, ml. 

465 

429 

Hemoglobin, mgm. per cent 

5 

3.4 

Prothrombin, per cent of normal 

61.5 

76.4 

Protein, grams per cent (actual) 

5.2 

6.2 

Protein, grams per cent (calculated) 

5.1 

5.7 

Turbidity filter 66 

74.9 

72.9 

pH 

6.84 

7.29 

Complement titration 

Comparable 


was found that the plasma obtained with the B.M. 
— A.C.D No 3 solution had lower free hemoglobin, 
substantially higher protein and prothrombin con- 
tent, and comparable turbidity and complement 
titration although the average size of the bleeding 
was 36 ml. (8 per cent) less. 


From Table II it is noted that the actual pro- 
tein concentration is somewhat higher tlian one 
calculated from simple dilution factors. This is 
probably due to the fact that water enters the red 
cells whereas the protein does not, so that there is 
some concentration of proteins in the plasma. In 
other words the increase in concentration of the 
plasma protein is due to the increased hematocrit 
of the red cells. The pH of the plasma from the 
B.M. — A.C.D, No. 3 averages 7.29 instead of 
6.85 of the previous solution. This change was 
responsible for the improved prothrombin preser- 
vation, It was also noted that when the plasma ob- 
tained with the use of the B.M. — ^A.C.D. No. 3 was 
frozen and thawed, according to the proper pro- 
cedure outlined elsewhere, the fibrinogen was fully 
as stable as that obtained from the plain citrated 
blood. This optimal stability of fibrinogen is con- 
ditional on proper mixing of the blood and pre- 
serving fluid during the collection. The necessity 
of proper mixing of blood with the preservative 
solution cannot be sufficiently emphasized. This 
mixing must be done by a gentle continuous ro- 

DEXTROSE 
mgm % 



Fig. 7. Dextrose Concentration in Whole Blood 
Stored at 4° C. in A.C.D. Solution (B.M. No. 3) 
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tating movion. This is best accomplished hy the 
use of a mechanical rotator, whicii does away with 
the unavoidable irregularities of the hand mixing 
and with the necessity of having a person in at- 
tendance for each patient. The rotators provided 
by the A. H. Thomas Co. of Philadelphia have 
been found excellent when fitted with a suitable 
heavy wooden bottle holder. Extensive studies 
have shown that the plasma obtained with the B.M. 
— A.C.D. No. 3 solution can be preserv'ed in the 
frozen state or dried from the frozen state with 
results in all waj's comparable with those obtained 
when a plain citrated plasma is used. It is to be 
noted here that when plasma prepared from whole 
blood preserved in a solution containing a higher 
glucose content is dried, the period of drying is 
lengthened because of the necessity of maintaining 
the plasma at a lower temperature while the water 
is being sublimated. When regenerating plasma 
prepared from A.C.D. blood, the use of a .1 per 
cent citric acid solution exerts the same beneficial 
effect in the preservation of prothrombin which has 
been noted for the plain citrated plasma (8). 

CONCLUSIONS 

An acid citrate-dextrose solution is proposed 
which has given good results for preservation of 


whole blood and yields a good stable plasma. This 
A.C.D. solution has a smaller volume and a lower 
dextrose concentration than solutions previously 
used. This solution has proved entirely satis- 
factorj' in practical use in over 5,000 blood col- 
lections. 
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TECHNICAL NOTE 

DETERMINATION OF HEMOGLOBIN IN PLASMA 
(VISUAL COLORIMETRY) 

Bv W. G. KARR and F. W. CHORNOCK 


SOLUTIONS ; 

Acetic acid — 10 per cent: 

Pipette 10 ml. glacial acetic acid into a 100 mi. 
volumetric flask and dilute to mark. 

Bencidinc dihydrochloride: 

Dissolve 140 mgm. of benzidine dihydrochloride in 
about 200 ml. of water with warming. Cool, add 
3.3 ml. of 10 per cent acetic acid and dilute to 500 
ml. in a volumetric flask. Keep in a brown bottle 
in the refrigerator. (The acidity of this reagent is 
correct only for use with plasma as directed below.) 

Hydrogen peroxide — 1 per cent: 

Dilute 0.5 ml. of Merck 30 per cent Supero.xol to 15 
ml. in a graduate. Prepare this solution just be- 
fore use. 


Artificial standard: 

Ferric ammonium sulfate — 1 per cent. 

Potassium ferrocyanide — 1 per cent 
Gum ghatti — 1 per cenL 

The iron and tlie ferrocyanide solutions are prepared 
accurately by careful weighing and dilution in a vol- 
umetric flask. Select clean, purple crystals of ferric 
ammonium sulfate. The gum ghatti is made approx- 
imately by suspending 1.5 grams on a wire or doth 
gauze in 100 ml. of cold water and allowing it to dis- 
solve ovemighL If necessary, filter through cheese- 
cloth to remove particulate matter. 

In a liter volumetric flask, pipette exactly 13.0 ml. 
of the I per cent potassium ferrocj-anide. Dilute to 
about 900 ml. Add 10 ml. of 1 per cent gum ghatti. 
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. Add ,20 ml. of the 1. per cent ferric ammonium sul- 
fate. Dilute to mark. Mix. Keep in ice box. 

-Color is equivalent to 25 mgm. Hb per 100 ml. 
when the color is developed as in Method de- 
scribed below. 

Serial standards: 

Prepare 250 ml. of each of the following dilute stand- 
ards by diluting the artificial standard with water 
as indicated. 


Water 

Standard 

Hb. cquiv. (C) 
mgm. per 100 ml. 

0 

250 

25 

50 

200 

20 

100 

150 

15 • 

150 

100 

10 

200 

50 

S 

Mix and place 

in 250 ml. bottles. 

Keep in ice box. 


METHOD : 

Dilute 1 ml. of plasma to 10 ml. with water. Meas- 
ure 4 ml. of the dilute plasma into a test tube. Add 


15 ml. of the benzidine dihydrochloride reagent. Add 
1 ml. of the 1 per cent hydrogen peroxide and mix.' 
Immerse in an ice bath for 35 minutes. At the end of 
this time select the artificial standard which is nearest 
the color of the unknown plasma. Pour 20 ml. into a 
test tube and add 0.4 ml. of the original undiluted 
plasma. Compare in the colorimeter. 

If the blue color developed is appreciably greater than 
the 25 mgm. standard, the determination should be re- 
peated using 4 ml. of a dilution of plasma greater than 
1 to 10. Make appropriate ciiange in the calculation. 

CALCULATION : 

X = mgm. Hb. per 100 ml. plasma. 

5 = reading of standard on the right. 

U = setting of the unknown on the left. 

C = equivalent Hb. concentration of the artificial stand- 
ard selected for reading. 

X = ^XC. Sett; at 10. x=~^. 

Blank: 4 ml. diluted plasma plus 15 ml. benzidine re- 
agent plus 1 ml. water in icebath with unknowns. 
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INTRODUCTION 

The therapeutic , value of blood transfusion is 
well established and experiences during World* 
War II demonstrated the urgent need for readily 
available supplied of whole blood. Blood plasma 
and plasma "substitutes,” although effective in 
combatting shock and in replacing plasma lost into 
burned and traumatized areas, cannot restore 
erythrocytes lost from hemorrhage or intravascular 
destruction (1). 

Civilian and militarj' experiences have demon- 
strated the practicability and value of whole blood 
stored or “banked” in advance of need, and im- 
mediately available for use in any emergency. In 
civilian practice, the blood bank has greatly facili- 
tated the procedure of blood transfusion and has 
made feasible the routine use of whole blood 
transfusion. In military practice, banked blood is 
an absolute essential since it is impractical to bleed 
donors for transfusion under combat conditions, 
but it is under these very conditions that whole 
blood is most urgently needed. 

Although stored blood is highly desirable prac- 
ticall}’- and economically, to be effective, the via- 
bility of the erythroc 3 'tes must be maintained dur- 
ing the period of storage since the major purpose 
of transfusing whole blood is to supply the re- 
cipient with functional erj'throcj'tes. Erj-throcj-tes 
destroyed immediately after transfusion not only 
are valueless to the recipient, but the intravascular 
liberation of large amounts of hemoglobin from 

^ The work described in this paper was done under 
contracts recommended bj' the Committee on Medical Re- 
search between tlie Office of Scientific Research and De- 
velopment and the Massachusetts Memorial Hospitals 
and the Massachusetts Institute of Technolog>'. 

- Formerly Welch Fellow in Internal Medicine, Na- 
tional Research Council. These investigations were car- 
ried on while under tenure of the Welch Fellowship in 
Internal IMcdicine. 


destroyed cells actually is deleterious and danger- 
ous to the recipient. The life span of the erj-thro- 
cyte. in vivo is bettveen 100 and 120 days but after 
removal from the circulation the period of \-iabiIity 
is greatty reduced. Unless special precautions are 
observed, blood is unsatisfactory for transfusion 
purposes after storage for periods as brief as 3 to 5 
days (2). 

Attempts to preserv'e the functional capacity of 
stored erjlhrocj-tes were first made by Rous and 
Turner in 1916 (3) with considerable success. 
Robertson, an English army surgeon, using the 
solution devised by Rous and Turner, made the 
first successful use of bank blood during the first 
World War (4). The solution of Rous and 
Turner had several serious shortcomings, how- 
ever, and did not receive general use. During the 
ensuing 20 years various modifications of the Rous 
and Turner solution were made and many new 
types of preserv'ative solutions were devised (5 to 
11). None of these preservatives was entirely 
satisfactor)", however, and little exact information 
was presented as to how effective each actuall}" was 
in maintaining the viability of the stored cells. 

Under the stimulus of World War II various 
English (12 to 16) and Canadian (17, 18) work- 
ers reinvestigated the entire subject of blood pres- 
ervation, and used as the criterion of effective 
preservation the post-transfusion survival of erj-th- 
rocj’tes determined with the differential aggluti- 
nating techniques of Ashby (19) and of Wiener 
(20). These agglutinating techniques allow a 
qualitative comparison of the effectiveness of vari- 
ous preserv'atives, and also make possible the deter- 
mination of the total duration of time that trans- 
fused cells survive in the recipient’s circulation. 
As usually performed, however, these methods do 
not permit an accurate quantitative evaluation of 
tlie immediate post-transfusion erythroc\-te sur- 
Ural ; j-et it is this immediate sundral that is most 
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important in the majority of transfusions. In 
general, however, the findings and conclusions 
of the English investigators have been similar or 
identical to ours which were obtained with a very 
different, and, we believe, more exact technique. 

To determine the most effective method of pre- 
serving the viability of erythrocytes in stoi'ed 
blood, we have investigated 16 preservative solu- 
tions. We have judged the effectiveness of these 
solutions from the standpoint of the post-trans- 
fusion survival of erythrocytes stored for varying 
lengths of time in each solution, and we have de- 
termined the post-transfusion survival of red blood 
cells by the radioactively labeled erythrocyte tech- 
nique previously described by Ross and Chapin 
(2). In an attempt to determine which factors 
in the preservative medium promoted cell survival, 
extensive studies of the changes in physical and 
chemical properties of the stored blood were made 
in conjunction with the survival studies. It soon 
became apparent to us, as it has to others (21, 22), 
that the in vitro characteristics of stored blood are 
of little value in predicting the suitability of stored 
blood for transfusions. The really significant cri- 
terion of the value of a blood preservative is how 
well it maintains the viability of the stored er)lh- 
rocytes, and this attribute can be judged only by 
studying the survival of the cells after transfusion 
into a recipient. 

PROCEDURES AND METHODS 

The radioactively labeled erythrocyte technique of eval- 
uating the survival of erythrocytes following transfusion 
has been outlined in a previous paper (2). In brief, this 
method consists of administering orally or parenterally 
one of the radioactive isotopes of iron to a prospective 
blood donor whose hematopoietic system incorporates the 
radioactive iron in the hemoglobin molecules of newly 
formed erythrocytes. These erythrocytes are thus “la- 
beled,” since once an atom of radioactive iron is built into 
the hemoglobin .molecule it does not exchange with the 
nonradioactive iron of the plasma or tissues. It remains 
within the erythrocyte during its lifetime and is liberated 
from the red cell only when the red cell is destroyed (23). 
Hemoglobin and erythrocytes containing this radioactive 
material differ in no physiological respect from unlabeled 
cells, but by appropriate physical techniques (24, 25) they 
can be accurately detected when present in dilutions as 
great as 1 in 3,000. 

When donor cells labeled with radioactive iron are 
transfused into compatible recipients, they rapidly mix 
with the recipient's cells but still can be detected quanti- 
tatively in samples of the recipient’s blood. If the labeled 


cells are destroyed after transfusion, there is a decrease 
in the concentration of radioactivity in the recipient’s 
blood, and samples taken consecutively will reveal the 
extent and rate of cell destruction. TIic effectiveness of 
various blood preservatives can thus be evaluated by ob- 
serving their influence on the survival of transfused radio- 
actively tagged erythrocytes. 

Preparation of donors of radioactively labeled 
erythrocytes 

In evaluating the effectiveness of preservative solutions 
we believe that considerable importance should be attached 
to procuring uniformity in the donor blood. Individual 
variations in the bloods of different donors may markedly 
influence the storage and transfusion properties of the 
donor’s erythrocytes and give erroneous impressions of 
the preservative solutions under investigation. To elimi- 
nate tlie factor of donor-cell variation from our studies 
all bloods used in our c.xperimcnts were procured from a 
single blood donor with the exception of a series of con- 
trol observations when blood was obtained from a sec- 
ond donor. The behavior of the cells of these 2 donors 
was identical. Both donors were healthy young adult 
males with normal erythrocyte, hemoglobin, and leukocyte 
characteristics. The blood of donor I, on whom most of 
the observations were made, was Group O, Rh factor 
negative. Donor II provided blood for control observa- 
tions. His blood was Group 0, Rh factor positive. 

The radioactive isotope of iron, Fe'^®, was administered 
intramuscularly or intravenously in an aqueous solution- 
of iron and ammonium citrate. Donor I received 2 seriesj 
of injections. In the first series a total of 4.68 mgm. 
iron with an activity of 7,000,000 counts per minute v . 
given in 20 injections during a period of 71 days, 
second series of injections was administered 8 mon-' 
later when 4.36 mgm. of iron with an activity of 6,610,(^ 
counts per minute were given over a period of 74 dq 
The activity is expressed as the absolute number of coJ 
determined with a beryllium window Geiger-Mij 
counter (25). The radioactive iron was rapidly int 
porated in the newly formed hemoglobin and erythroc] 
of the donors. Although the rate' of incorporation r 
hemoglobin and the percentage utilization of the injec. 
radioactive iron are considered in a separate publicatic 
we may point out that approximately 60 per cent of 
given dose of injected radioactive iron appeared in the^ 
circulating erythrocytes of the donors and that maximum^ 
utilization of a single dose was complete in approximately 
20- days. The maximum specific radioactivity produced 
in the donor’s blood amounted to 4,180 counts per minute 
per ml. of erythrocytes, 12,550 counts per minute per gram 
of hemoglobin, or 3,760 counts per minute per mgm. of 
hemoglobin iron. 

Since the labeling radioactive iron first becomes avail- 
able to the donor for hemoglobin synthesis at the time 
of the first injection of the isotope, the maximum age of 
the donor erythrocytes is determined by the interval of 
time elapsing between the first injection of radioactive 
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iron and the times that the donor is venesected and the 
blood transfused. Thus, it is possible to state definitely 
that the labeled cells of a given transfusion have a maxi- 
mum age of 7 days, 30 days, 100 days, etc. As pre- 
viously described (2), radioactive iron liberated from de- 
stroyed radioactively labeled erythrocytes is rapidly 
reutilized by the body and incorporated into newly formed 
hemoglobin and erj'throcytes. Therefore, 4 to 6 months 
after the first injections of radioactive iron the labeled 
cells are representative of the mixed age population of 
the whole cell mass. These considerations are important 
in evaluating the behavior of young, old, and mixed age 
cells during storage and after transfusion. 

With the exception of the previously reported (2) ob- 
servations on blood stored in tri-sodium citrate solutions 
the donor erythrocj-tes used for these studies varied in 
possible maximum age from 80 days to 120 days. The ma- 
jority of observ'ations were made on bloods in which the 
radioactive labeled cells were of all ages and were repre- 
sentative of the age distribution of the entire erythrocyte 
population. 

Technique of collection and storage of radioactively 
labeled donor blood 

After a fasting period of at least 12 hours the donors 
were bled from an antecubital vein through a closed sys- 
tem into the preservative solution under investigation. 
E.xcept when noted to the contrary, 400 to 500 ml. of 
blood were drawn into the preservative solution contained 
in a 600-ml. pyrex Fenwal transfusion bottle, both solu- 
jtion and container previously having been chilled to 4° C. 
^j-fie blood was stored immediately in the dark in a sta- 
an mechanical refrigerator thermostatically regulated 
to 6° C. until aliquots were removed for transfusion. 

^^hipients oj transjusions 
blot 

^'.1 recipients were normal healthy adult male or female 
students, internes, or hospital technicians. The 
... normal individuals excluded the uncontrollable fac- 
pllltof effect of disease processes in the recipient on the 
ing t-transfusion sundval of erythrocytes. All donors and 
of .recipients used in these studies were of blood group O. 
y^ost of the studies were performed with Rh negative (rh, 
fh or ede, ede) blood. In experiments in which Rh posi- 
..fve blood was employed, only Rh positive recipients were 
•used. Careful cross-matching with the Landsteiner test 
tube technique verified complete compatibility between 
donor and recipient bloods in all cases. 

We believe that the use of donor blood of the same 
blood group as that of the recipient is important in these 
studies, since it is now well established that the iso-ag- 
glufinins contained in transfused blood may destroy the 
recipient’s own erjthrocytes (26). If this should occur 
following a transfusion of radioactively labeled blood the 
specific radioactivity of the recipient’s erji.hrocytes would 
be increased and a false impression of the post-transfusion 
survitul would be obtained. 


Techniques of transfusion and sampling of recipi- 
ents 

AH transfusions were given early in the morning while 
the recipient was in a fasting state. The recipient re- 
mained in bed during the course 'of the injection of the 
blood and for 1 hour thereafter, and then resumed full 
activity. 

Aliquots of radioactively labeled blood for transfusion 
and for hematologic, chemical, and radioactive studies were 
removed by aspiration from the storage flasks after the 
cells and plasma had been gently and thoroughly mixed 
by rotation. The storage flask was then returned to the 
refrigerator. Immediately after removal from the storage 
flask a known amount, usually 100 ml., of the chilled blood 
was injected into the recipient through a No. 18 needle 
from a calibrated 100-ml. syringe. Two to 4 minutes were 
required to make the injection. A known amount of the 
dye T-1824 was then immediately injected through the 
same needle into the vein of the recipient for purposes of 
plasma volume determination. 

Samples of blood for hematologic study and for radio- 
activity and T-1824 concentration determinations were 
subsequently removed through a No. 18 needle in the 
opposite arm. A portion of the sample was placed in the 
mixed oxalate of Heller and Paul (27) for hematologic 
study, and the remainder of the sample was placed in a 
calibrated conical centrifuge tube and allowed to clot. 
The serum from the clotted blood was used for spectro- 
scopic study and for determination of T-1824, hemo- 
chromogen, and bilirubin concentrations. The red blood 
cells from a known volume of oxalated and clotted blood 
were digested for radioactivity determinations as subse- 
quently described. The exact volume of red blood cells 
and the amount of hemoglobin in each sample were cal- 
culated from the volume of blood and the hematocrit and 
hemoglobin values determined on an aliquot of this blood. 

Ninety transfusions of blood were given in this fashion. 
There were no reactions of any sort in 88 of the subjects. 
Two subjects e.xperienced a mild febrile reaction which 
was proved to be caused by the lot of T-1824 dye solu- 
tion used for the blood volume determination in these 2 
subjects. 

Radioactivity determinations 

The specific radioactivity of the donor's and recipient’s 
whole blood, eo'throcytes, hemoglobin, and hemoglobin 
iron was determined with techniques similar to those de- 
scribed by one of us in previous papers (2, 24), with some 
modifications (25). In these experiments we have used 
the radioactive isotope Fe=^^ (half life approximately 5 
years) instead of tlie radioactive isotope Fe'* (half life 47 
days). The longer half life of Fe-- makes this isotope 
much more satisfactory than Fe'^ for long-term cell 
tracing e.xperiments. The radiations from Fe'- are low 
energy x-rays and have necessitated the use of a beiyl- 
lium window counting tube (25) instead of the thin mica 
window tube previously used. The preparation of t'r.e 
samples of blood for determination of radioactive con- 
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tent by acid digestion, neutralization, and precipitation of 
iron is identical with those previously described (24) 
with the exception that the iron in the present scries 
of experiments was precipitated as ferric hydroxide in- 
stead of ferrous sulfide. 

To eliminate variation in self-absorption the iron con- 
tent of each sample was determined by multiplying the 
grams of hemoglobin in the sample by 0.00334 (that frac- 
tion of hemoglobin which is iron) and then enough non- 
radioactive iron was added to the sample to make its 
total iron content 10 mgm. 

The iron was elcctrolytically deposited in a uniform, 
thin layer on copper discs as previously described (24, 25), 
but the plating process was carried out from a ferric 
rather than a ferrous solution. This required a longer 
period of electroplating than was the case when a ferrous 
solution was employed but was satisfactory for quantita- 
tive removal of the iron. 

An aliquot of the donor blood which had been injected 
into each subject was assayed for radioactivity with the 
radioactivity determination of each sample of the recipi- 
ent’s blood, thus eliminating the necessity of making cor- 
rections for the decay of the radioactive iron, counting 
tube variations, etc. 

Determination oj plasma, blood and erythrocyte 
volumes 

The determination of the post-transfusion survival of 
erythrocytes by any method is no more accurate than the 
accuracy with which the total circulating erythrocyte vol- 
ume of the recipient is determined. This is true not only 
of the radioactively tagged cell metliod but also of the 
Ashby (19) and Wiener (20) methods of differential 
agglutination. The critical significance of the total eryth- 
rocyte volume will be evident from consideration of the 
following formula for calculating the post-transfusion sur- 
vival of radioactively labeled red blood cells. 


tccimiquc of Ashby or Wiener, calculations of survival 
arc based on the assumptions that all of the transfused 
cells arc surviving at the conclusion of the transfusion 
and that the number of non-agglutinatcd cells present 
in the recipient’s blood at the conclusion of the transfusion 
represent 100 per cent survival of the transfused cells. 
This assumption is not valid, since our data indicate that 
many transfused erythrocytes arc removed from the re- 
cipient's circulation very rapidly (actually during the 
course of the transfusion). This is particularly true when 
bloods with poor survival characteristics arc transfused. 
The poorer the post-transfusion survival of stored blood 
the more rapidly the non-viablc cells arc removed from 
the circulation. Because of this fact most of the studies 
performed with modifications of tlie Asliby technique have 
indicated erroneously high post-transfusion survival. 

Calculation of the cell volume from the plasma volume 
and venous hematocrit repeatedly- has been shown to give 
values IS to 30 per cent too Iiigh, unless correction is 
made for the error of the hematocrit as determined by 
centrifugation and for the unequal distribution of plasma 
and cells throughout the vascular system (28 to 31). 
Unless allowance is made for these errors, the calculated 
survival of labeled erythrocytes after transfusion will be 
15 to 30 per cent too high. 

Realizing that determinations of post-transfusion eryth- 
rocyte survival and evaluation of preservative fluids and 
techniques were so critically affected by the red blood cell 
volume we have determined this volume in an identical 
fashion in each recipient and have determined it with a 
technique which we believe represents a conservative fac- 
tor in evaluating the post-transfusion erythrocyte sundval. 
Although our method, may represent too small a cell 
volume and, therefore, a low value for post-transfusion 
survival, it certainly does not give too high a cell volume 
or indicate too high a post-transfusion survival. 

The recipient’s red blood cell volume was determined as 
follows : 


Per cent of transfused cells 
surviving in the recipient’s 
circulation 

Radioactivity per Recipient's red 
ml. of recipient's X blood cell X 100 

cells volume 

Total radioactivity of transfused blood 

Although the radioactivity concentrations of the re- 
cipient’s and donor’s bloods can be determined with con- 
siderable accuracy, the method of determination and in- 
terpretation of the recipient’s red blood cell volume is the 
subject of considerable difference of opinion. A dis- 
cussion of the latter problem is beyond the scope of this 
paper, but it seems worthwhile to point out that the ne- 
glect of the significance of the cell volume, the assump- 
tion that it represents a constant per cent of tlie body 
weight or surface area, or its estimation purely on the 
basis of the plasma volume and the uncorrected venous 
hematocrit will give grossly erroneous values for the sur- 
vival of transfused cells. In the differential agglutinating 



1. The plasma volume was determined with the dye 
T-1824 according to the method of Gibson and Evans 
(32) , samples being taken at 15, 25, 30, 35, and 60 minutes, 
and the dye concentrations being determined on serum in 
the micro unit of the Evelyn colorimeter. 

The L values obtained at 620 millimicrons were cor- 
rected with a reading at 540 millimicrons to correct for 
the effect of serum hemoglobin (which was present in tlie 
serum following transfusion of blood with poor survival 
characteristics). The L values were also corrected for 
fluctuation in plasma protein concentration (33, 34). 
The disappearance curve was extrapolated to the time of 
injection. 

2. The blood volume and cell volume were calculated 
from the following formula, employing the corrected he- 
matocrit value previously described (28) ; 


Blood volume = 


plasma volume 
1 — (hematocrit X 0.92) 


Cell volume = blood volume — plasma volume. 
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3. The cell volume so determined was corrected to 
compensate for the error introduced by unequal distribu- 
tion of erythrocytes and plasma throughout the vascular 
system (29). 

Corrected cell volume = cell volume X 0.83. 

The cell volumes of normal human subjects determined 
in this fashion compare very closely with the cell volume 
determined in the same subjects with the use of radioactive 
tagged cells (31). 

We again wish to emphasize the fact that the use of 
the cell volume determined in this fashion provides a con- 
servative estimate of post-transfusion eiy-throcyte sur- 
■vaval and allows an accurate comparison of various pre- 
servative fluids. 

Calculation of post-transfusion survival 

The radioactivity present in the circulating red blood 
cell mass of the recipient was determined at various inter- 
vals following the transfusion by applying the formula: 

Per cent of transfused radio- 
activity present in the recipient’s 
circulation 

Radioactivity per Recipient’s red 
ml. of recipient’s X blood cell X 100 

red blood cells volume 

Total radioactivity of the transfused blood 

The specific radioactivity of the recipient’s cells and 
thus the percent of transfused radioactivity present in the 
recipient’s circulation decreased following the trans- 
fusion, the lowest values being reached at the end of ap- 


proximately 24 or 48 hours. Subsequently, the concentra- 
tion of radioactivity progressively increased (Figures 1 
and 2). We have interpreted the decrease in radioactivity 
as indicating the removal of the non-viable transfused 
erythrocj'tes from the recipient's circulation. The rate of 
this removal was most rapid in those bloods showing the 
poorest post-transfusion survival. We have interpreted 
the increase in radioactive iron in the recipient’s circula- 
tion as indicating the reutilization of the radioactive iron 
liberated from the destroyed transfused erythrocytes for 
the formation of new erythrocytes by the recipient Sup- 
port is given to this interpretation by observations of 
similar buildup cutwes following infusion of solutions of 
hemoglobin labeled with radioactive iron (35). 

During the first 24 hours following the transfusion the 
amount of radioactive iron incorporated in newly formed 
recipient's erythrocytes is too small to contribute signifi- 
cantly to the total radioactivity in the recipient’s circifla- 
tion. Therefore, during this period all of the radio- 
activitj’ in the recipient’s blood can be attributed to the 
presence of surviving labeled donor red blood cells and 
indicates post-transfusion survival. After 24 hours, the 
reutilization of radioactive iron and its incorporation in 
the recipient’s own erythrocytes may occur more rapidly 
than the removal of the transfused labeled cells and may 
be great enough to indicate a falsely high post-transfusion 
surv’ival. 

Because of these considerations the minimum specific 
radioactivity of the recipient’s erythrocytes, which usually 
is reached 24 hours after transfusion, has been adopted as 
indicating the minimum post-transfusion survival of the 
labeled donor erythrocytes. 




Fig. 1. The Effectt of Storage at 4° C. ox the Post-transfusiox Scrvfval or Ervtupo- 
evTEs or Whole Blcwd Stored ix Tpjsodium Citilate (solution' No. 1) 

The circled figures indicate the number of days the blood was stored prior to transfusion. 
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HOURS POST TRANSFUSION 


Fig. 2. The Effect of Storage at 4° C. on the Post-transfusion Sur\t\’al 
OF Erythrocytes of Whole Blood Stored in Denstedt’s Solution (solu- 
tion No. 2) 

The circled figures indicate the number of days the blood was stored prior to 
transfusion. 


This minimum survival has been used as the criterion 
for evaluating the effectiveness erf tlie blood preservative 
under consideration. 

Preservative fluids studied 

All solutions (except the corn syrup and Alsever’s solu- 
tions which were obtained commercially) were prepared 
with pyrogen-free, freshly distilled water and reagent 
chemicals. All glassware and storage bottles (except the 
Baxter bottles containing Alsever’s solution) were pyrex 
glass. With the exception of a few experiments that 
were carried out at room temperature, all bloods were 
drawn into containers and solutions which previously had 
been chilled to 4° C. and were immedately stored at 4° to 
6° C. 

The fluids studied may be grouped into those used for 
the preservation of whole blood and those used for the 
preservation of erythrocytes separated from blood plasma. 
A description of the constitution, the methods of prepara- 
tion, and use of these fluids follows. 

A. preservative fluids for whole blood 


Solution No. 1: Trisodium citrate 

Trisodium citrate (2.5 per cent) 50 ml. 

pH of solution 7.5 

Whole blood 450 ml. 

pH citrate blood mixture 7.4 


Nineteen transfusions were given of blood stored in 
this solution 0 to 14 days. 


Solution No, 2: Denstedt’s or McGill No. 11 solution 
Isotonic sodium citrate (3.2 per cent) 80 ml. 


Isotonic dextrose (5.4 per cent) 80 ml. 

Isotonic phosphate buffer pH 7.4 40 ml. 

Whole blood 400 ml. 

pH of solution 7.4 

pH solution-blood mixture 7.4 


The citrate, dextrose, and buffer solutions were pre- 
pared and autoclaved separately, cooled, and mixed with 
aseptic precautions in sterile Fenwal bottles according to 
the method described by Denstedt, et al (17). Twelve 
transfusions were given of blood stored in this solution 0 
to 70 days. 

Solutions No. 3 and 4: Alscvcr’s solutions No I and 11 ^ 
{Ba.vtcr No. I and 11) 

Solution No. 3 — Alsever’s solution No. 1 
Dextrose (U.ST*.) 2.05 per cent' 

Sodium citrate (U.S.P.) 0.80 per cent I of this 
Sodium chloride (U.S.P.) 0.42 per cent ’solution”^^^ 
Citric acid (U.S.P.) 0.04 per cent 

Whole blood 500 ml. 

pH of solution 6.78 

pH of solution-blood mixture 7.5 

These solutions, modifications of the one described by 
Alsever and Ainsle (11), were prepared and provided by 
the Baxter Laboratories, Incorporated, through the cour- 
tesy of Dr. N. M. Nesset. The formulae given here were 
provided by the Baxter Laboratories as descriptive of 
their constitution. 
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Four transfusions of blood stored in this solution 1 to 
36 days were given. 

Solufion No. 4: Alscvcr's solution No. // 

Dextrose (U.S.P.) 2.05 per cent 

Sodium citrate (U.S.P.) 0.80 per cent of this 

Sodium chloride (U.S.P.)0.42 per cent solution 
Citric acid (U.S.P.) • 0.055 per cent 

Whole blood 500 ml. 

pH of solution 6.0 

pH of solution-blood mixture 7.2 

Four transfusions were given of blood stored in this 

solution 7 to 35 days. 

Solution No. 5: Acid cilratc-dc.vtrose solution of Loutit 
and MoUison* 


Disodium citrate (2 per cent) 100 ml. 

Dextrose (15 per cent) 20 ml. 

Whole blood 430 ml. 

pH of solution 5.0 

pH of solution-blood mixture 6.8 


This solution was prepared according to the method 
described by Loutit and Mollison (14). Nine transfusions 
of blood stored in this solution 2 to 34 days were given. 


Solution No. 6: Acid ciirate-de.rtrose solution of re~ 
duced volume 


Trisodium citrate 
Citric acid 

Dextrose (anhydrous) 

Water 

pH 

pH of presers'ative-blood 
mixture 
Whole blood 


2.20 grams) 

0.80 grams (of this 
2.25 grams (solution 

100 ml. J 

5.0 


6.8 


500 ml. 


(IS ml. of this solution used for each 100 ml. of 
whole blood.) 


In the proportions used, this solution provided approxi- 
mately 2 grams of disodium citrate per 500 ml. of blood, 
and an eventual 24 milHmolar concentration of citrate 
ion in the supernatant plasma of the preservative-blood 
mixture. In these respects, and in the pH of the solu- 
tion and the solution-blood mixture, solutions No. 5 and 6 
were identical. The dextrose content of solution No. 6 
was approximately % that of solution No. 5, however, and 
the volume of the diluent was 62.5 per cent of solution 
No. 5. 

Four transfusions of blood stored in this solution 6 to 
28 days were given. 

■* The disodium citrate used in preparing this solution 
and otlners containing disodium citrate was kindly pre- 
pared and provided by Dr. Walter Clarke of the Eastman 
Kodak Company, Rochester, New York. In the event 
that crj'stalline disodium citrate should not be available 
a solution of disodium citrate can readily be prepared as 
follows : 


Trisodium citrate (NaiCeH:OT-2HsO) 1.662 grams 

Citric acid (H,C,HsOr-H:0 ) 0.595 grams 

100 ml. 

pH 5.0 


B. PRESERVATIVE FLUIDS FOR ERYTHROCYTES SEPARATED 
FROM THEIR PLASMA 

The separated cells for solutions 7, 8, 9, and 10 were 
prepared as follows; 450 'ml. of donor blood were drawn 
into 50 ml. of previously chilled 2.5 per cent trisodium ci- 
trate solution of pH 7.5. The cells were immediately 
sedimented by centrifugation at 2,500 r.p.m. for 1 hour, 
and the plasma then removed by aspiration with aseptic 
precautions. For the experiments with solutions 11, and 
12, 400 ml. of blood were drawn into 100 ml. of 2 per cent 
disodium citrate solution of pH 5.0. Centrifugation and 
separation of plasma were carried out as previously de- 
scribed. The cell mass for solution 13 was obtained from 
defibrinated blood which was centrifuged and separated 
from its plasma as described above. 

A description of the solutions and techniques used in 
the preservation of erythrocj"tes separated from their 
plasma follows : 


Solution No. 7; Human albumin solution ® 


Human albumin 
Dextrose (anhydrous) 
Sodium chloride 
Phosphate buffer (0.125 
molar pH 7.4) 


6.00 per cent 

1.00 per cent 
0.85 per cent 

0.07 per cent 


Red blood cell mass 

pH of solution 

pH of solution-blood mixture 


of this 
solution 


—400 ml. 


200 ml. 

7.35 

7.35 


The solution was sterilized by passing it through a Seitz 
filter with pressure. It was chilled to 4° C., and the 
packed red blood cells were pipetted into it. The cells 
and preservative were mixed thoroughly then stored at 
4° C. 

Five transfusions of cells preserved in this fashion were 
given ; the duration of storage varying from 10 to 46 days. 


Solution No. 8: Corn syprup 
Corn syrup (10 per cent) 200 ml. 

Packed blood cells 200 ml. 

pH of corn S 3 Tup 4.0 

pH of com syrup-blood mLxture 6.7 


This 10 per cent solution of sterile corn syrup was pro- 
vided in ampules through the courtesj’ of Dr. William 
Thalhimer of New York Citj'. The concentration of the 
corn syrup before it is diluted is stated to be (36) ; 

Dextrose 17.7 per cent 

Maltose 16.8 per cent 

Higher sugars 16.2 per cent 

Dextrins prosugars 29.6 per cent 

Moisture 19.7 per cent 

The chilled corn syrup was added to the packed red 
blood cells, mixed by rotation, and then stored at 4° C. 

Seven transfusions of these cells were given after stor- 
age for 6 to 22 daj-s. 


“ The human albumin used in this solution was provided 
through the courtesy o: Dr. Edwin Cohn of the Harvard ' 
Medical School. 
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Solutions No. 9, 10, 11, and. 12: Maltosc-dc-vtrosc 
solutions 


TABLE I 


Solu- 

tion 

Name 

Diso- 

dium 

ci- 

trate 

Mal- 

tose 

Dex- 

trose 

NaCl 

Vol. 

of 

solu- 

tion 

Vol. 

of 

packed 

cells 

pH 

of 

solu- 

tion 

pH 

of 

blood 

mix- 

ture 



per 

Per 

Per 

Per 


ml 





cent 

cent 

cent 

cent 





9 

Ml 

2.0 

6.84 

0.5 

0.85 

250 

125 

4.9 

5.7 

10 

M2 

2.0 

6.84 

0.5 

0 

250 

125 

5.0 

5.7 

11 

M3 

0.5 

6.84 

0.75 

0 

250 

125 

5.8 

5.8 

12 

M4 

0 

6.84 

0.75 

0.43 

250 

125 

6.5 

6.7 


These chilled solutions were added to packed red blood 
cells in proportions noted. The cells for solutions No. 9 
and 10 were obtained from blood drawn into trisodium 
citrate solution (solution No. 1). The cells for solutions 
No. 11 and 12 were drawn into acid citrate dextrose 
(solution No. 5). 

Five transfusions of cells stored 7 to 14 days in these 
solutions were given. 

Solution No. 13: RPA solution ° 


grams per 1. 

.095 

MgCls 

CaCls 

.056 

KCl 

.410 

NaCl 

5.825 

NaeHPO* 

.301 

NaHCOs^ 

2.35 

Glucose 

2.50 

Difeo proteose peptone 

1.50 

Stearns A A*^ 

0.50 

Glycerol 

0.25 

Sodium acetate 

0.15 

micrograms per 1. 


Adenine sulfate 

250 

Guanine-HCl 

250 

Thymine 

125 

Xanthine 

250 

Uracil 

250 

Ascorbic acid 

5,000 

Biotin 

16 

Choline 

500 

Cocarboxylase 

400 

Nicotinic 

1,000 

Nicotinamide 

1,000 

d-Ca Pantothenate 

500 

Pyridoxine 

500 

Ribose 

500 

Riboflavin 

500 

Thiamine 

1,000 


♦Added as NasCOa and converted to bicarbonate by 
passing COs gas through the solution. 

♦♦Fortified with glycine and histidine. 

® This solution was prepared by Dr. Eric Ball of the 
Harvard Medical School and was identical with the solu- 
tion used by Ball and his collaborators for the in vitro 
cultivation of malaria parasites (37). 


P-amino benzoic acid is added to cone. 10 gamma per 
cent. 

Medium (complete) is filtered instead of autoclaved. 

The solution was added to the red blood cell mass pro- 
cured from defibrinated blood in amounts sufficient to 
produce hematocrit values of 27, 37 and 40 per cent. 
The cells and solution were mixed and the pH adjusted 
to 7.0 by equilibration with CO:. The mixture was stored 
at 4° C. 

Solution No. 14: ACD solution 2 per cent 

This solution is identical with solution No. 5, but the 
method of handling the cell-solution mixture differs mark- 
edly from that followed with solution No. 5. Four hun- 
dred thirty ml. of donor blood were drawn into the chilled 
solution. The mixture was stored at 4° C. for 24 hours. 
It was then centrifuged at 2,500 r.p.m. for 1 hour and the 
supernatant plasma removed aseptically by aspiration. 
The packed cells were then stored at 4° C. without ad- 
dition of further diluent until they were transfused. The 
pH of the cell mass was 6.8. A small amount (equal to 
10 per cent of the volume of cells) of 0.85 per cent sodium 
chloride solution at a temperature of 4° C. was added 
to the cell mass at the time of transfusion. 

Five such transfusions were given of cells stored 11 to 
24 days. 

Solution No. 15: Acid citratc-dc.vtrose solution 5 per 
cent 

Disodium citrate (5 per cent) 

Dextrose (anhydrous) (6 per cent) 

Whole blood • 
pH 5.0 

pH of solution-blood mixture 6.8 

The blood was drawn into the chilled solution and 
stored for 24 hours at 4° C. It was then centrifuged at 
2,500 r.p.m. for 1 hour and the supernatant plasma re- 
moved aseptically by aspiration. The packed cells were 
stored at 4° C. until transfused and injected without 
dilution. 

Three transfusions were given of cells stored 7 to 22 
days. 

Solution No. 16: Acid citrate solution 5 per cent 


Disodium citrate (5 per cent) 25 ml. 

Whole blood 225 ml. 

pH of solution 5.0 

pH of solution-blood mixture 6.8 


The blood was drawn into the chilled solution, stored 
at 4° C. for 24 hours, centrifuged and the plasma re- 
moved as described above. Then 15 ml. of chilled 10 per 
cent dextrose solution were added to and mixed with the 
cell mass by rotation of the container. The mixture was 
stored at 4° C. until transfused and injections were made 
without dilution, after storage for 9 to 22 days. 

Hematologic studies 

The following studies were performed on aliquots of 
donor blood shortly after it was drawn into the preserva- 
tive solution and at intervals during the period of stor- 


of this 
solution 


-25 ml. 
250 ml. 
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age; they were also performed on aliquots of the samples 
removed from the recipients before and after the trans- 
fusion : 

1. Erythrocyte and leukocjTe counts were performed in 
quadruplicate, using 4 pipettes and 4 counting chambers 
and the average of the 4 counts was used in calculations. 

2. Hematocrit determinations were made with the Win- 
trobe hematocrit tube and with application of a relative 
centrifugal force of 1,800 for 1 hour. 

3. Whole blood hemoglobin concentration was deter- 
mined by the Evelyn oxyhemoglobin method (38) on the 
Evehm photoelectric colorimeter. 

4. Erythrocyte indices were calculated according to the 
method of Wintrobe (39). 

5. The concentration of heme pigments in the plasma of 
the recipient and in the supernatant plasma of the donor 
blood was determined according to the hemochromogen 
method of Flink and Watson (40). 

6. The plasma bilirubin concentrations of the recipient 
were determined according to the method of Evelyn and 
Malloy (41). 

7. The whole blood sugar content of the donor blood 
was determined by the method of Folin and Malmros (42). 

8. The pH of the donor blood was determined with the 
Beckman glass electrode pH meter. 

9. The susceptibility of the donor erythrocytes to he- 
molysis by h>’potonic saline solutions (“osmotic fragility”) 
was determined by the method originally suggested by 
Dacie and Vaughan (43) as modified by Shen, Ham, and 
Fleming (44). 

10. The morphologic characteristics of the donor eryth- 
rocytes were observed in wet unstained preparation and in 
dry Wright stained preparations. 

11. Spectroscopic studies were performed on plasma and 
serum of donor and recipient bloods with the Zeiss hand 
spectroscope and the Hartridge reversion spectroscope. 

OBSERVATIONS 

Figures 1 and 2 illustrate the post-transfusion 
survival of radioactively labeled erjThrocjTes 
stored in tridosium citrate (solution No. 1) and in 
Denstedt’s solution (solution No. 2). Following 
transfusion the non-viable donor cells are de- 
stroyed and removed from the recipient’s circula- 
tion. The number of cells removed and the rapid- 
ity with which they are removed increase witli 
increase in the duration of storage. 

The majorit}’ of the non-viable cells are removed 
during the first hour or 2 following transfusion and 
the surr'ival cuiwe then continues to fall more grad- 
ually during the next 18 to 20 hours. At the end 
of 24 hours the minimum post-transfusion survi\'al 
usually is reached. It is this minimum sui^dval 
which we have used as tlie criterion of the effective- 
ness of the blood preseiA-ative, and it is this value 


which has been used in constructing the curves in 
Figure 4. After 24 hours newly formed erjlhro- 
cytes containing reutilized radioactive iron may be 
liberated in the recipient’s circulation more rapidly 
than the labeled donor cells are removed and con- 
sequently the concentration of radioactive iron per 
unit volume of red cells increases. 

Trisodium citrate obviously is a ver}' poor blood 
preser\'ative (Figure 1). The erj'throcytes of 
stored citrated blood degenerated at a rate of 7 per 
cent per day and after storage for 7 days only 50 
per cent of the transfused cells survived 24 hours 
(Figures 1 and 4). If we accept as an arbitrary 
minimum requirement for a satisfactory transfu- 
sion the sundval of 70 per cent of the transfused 
cells for at least 24 hours following transfusion, 
citrated blood can no longer be considered satis- 
factory for transfusion if stored for longer than 5 
days. 

Denstedt’s solution, in marked contrast to tri- 
sodium citrate, is an excellent blood preserr-ative 
(Figures 2 and 4). Blood stored in this solution 
for 24 days showed satisfactorj' post-transfusion 
survival, and the rate of degeneration of red cells 
during storage was only approximately 1.4 per 
cent per day. There was 1 serious drawback to 
Denstedt’s solution, however. The necessity for 
separately autocla%dng the citrate, dextrose, and 
phosphate solutions and then mixing them with 
sterile technique made its preparation exceedingly 
laborious and not very satisfactory for routine use. 
Since the acid citrate-dextrose solution (solution 
No. 5) was found to have almost identical preser- 
vative powers and rvas much simpler to prepare, 
Denstedt’s solution does not justify the effort re- 
quired to prepare it. 

The 2 Alsever’s solutions studied differed only 
in their citric acid content and initial pH, and were 
almost identical in their preservative powers (Fig- 
ure 3). They were not good preservative solu- 
tions, since after storage for onty 7 days, less than 
70 per cent of the transfused cells survived 24 
hours, and the rate of degeneration of the ciythro- 
cvtes during storage amounted to approximatelj' 
3 per cent per daj-. 

Another serious disad^'antage of Alsever’s solu- 
tion is the large volume of diluent (500 ml.) re- 
quired for the preservation of 500 ml. of blood. 
The addition of this large volume of fluid ser\-es 
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no useful purpose and is actually contraindicated 
in many blood transfusions. 

The most satisfactory blood preservatives which 
we studied were the acid citrate-dextrose solutions, 
either the solution originally described by Loutit 
and Mollison (14^ (solution No, 5) or modifica- 
tions of this fluid (solutions No. 6, 14, 15, and 16). 
The acid citrate-dextrose solution of Loutit and 
Mollison (for convenience called “ACD” through- 
out the remainder of this paper) was an excellent 
blood preservative — maintaining satisfactory trans- 
fusion properties in blood stored for as long as 23 
days (Figure 4) and retarding the rate of degener- 
ation of erythrocytes during storage to only 1.4 per 
cent per day. In addition to its excellence as a 
preservative ACD was extremely simple to pre- 
pare. The citrate and dextrose solutions were 
mixed prior to sterilization, and were autoclaved 
together without caramelization. 

The volume of ACD (120 ml.) was not large 
enough to dilute the blood to any serious degree, 
but it was believed by the Subcommittee on Blood 
Substitutes of the National Research Council that 
a smaller volume preservative might be desirable, 
since it might make more simple the preparation 
of desiccated plasma. Therefore, solution No. 6 
was devised. Its volume was only 75 ml. but it 
provided the same amount of disodium citrate per 


unit volume of blood as solution No, 5; it re- 
duced significantly the amount of dextrose. The 
preservative properties of this solution were in- 
distinguishable from those of solution No, 5 
(Table II). 

TAIILE 11 


Survival of erythrocytes of stored whole blood 


Preserving solution 

Per cent r.b.c. surviving in the 
recipient’s circulation 24° after 
transfusion of blood stored 


7 

days 

14 

days 

21 

days 

28 

days 

1. Trisodium citrate 

50 

3 

0 


2. Denstedt’s solution 

92 

90 

73 

60 

3. Alsever’s No. I 

4. Alsever’s No. II 

67 

68 

60 

60 

34 

13 

5. Acid citrate-dextrose 
(Loutit and Mollison) 
(“ACD”) 

97 

92 

71 

60 

6. Acid citrate-dextrose 
reduced volume 

95 

92 

75 

64 


Similar observations were obtained with a solu- 
tion of even smaller volume (50 ml.) (solution 
No. 15), which was used for preservation of 
erythrocytes separated from plasma. The post- 
transfusion survival of the separated cells taken 
into this solution was almost identical with that 
of whole blood in 120 ml. volume ACD (solution 
No. 5) or in the 75 ml. of modified ACD (solu- 



Fig. 3. Comparison of the Effect of Storage of Whole Blood in Alsever’s solutions 
NO. 1 and 2 ON Post-transfusion Survival 
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DAYS CELLS STORED 

Fig. 4. Comparison or the Sur\tval of the Erythrocytes of Whole Blood Stored at 4° C. in the Acid 
Citrate-Dextrose Solution of Loutit and Mollison (solution No. 5, "ACD”) , Denstedt s Solution (solu- 
tion No. 2), Alsever’s (solution No. 3), and Trisodium Citrate Solution (solution No. 1) 


tion No. 6). The volume of the preservative 
within these limits had little influence on erythro- 
cyte preservation. 

Preservation of erythrocytes separated from plasma 

Since normal blood contains various hemolytic 
systems it was believed that erythrocytes might 
survive better vitro if they could be removed 
from their plasma and resuspended in some other 
fluid. Furthermore, if some method of preserving 
cells separated from plasma could be devised it 
would salvage tremendous quantities of red blood 
cells which are discarded in the process of pre- 
paring blood plasma and plasma fractions. Such 
studies were successful in demonstrating a simple 
yet effective method of preserving red blood cells 
after separation from plasma. 

The studies of Furchgott and Ponder (45) in- 
dicated that crystalbumin prevented the develop- 
ment of certain morphologic abnormalities in eryth- 
rocytes placed under abnormal conditions in vitro. 
With the hope that "human albumin might exert 
a similar beneficial effect on stored human red cells, 
we resuspended eiythrocytes separated from whole 
blood in solution No. 7. After storage for 22 davs 


70 per cent of the transfused cells survived 24 
hours (Figure 5), which is good preservation but 
no better than in several far simpler and less ex- 
pensive solutions. 

This proved to be the case with corn syrup 
(solution No. 8) which was investigated at the re- 
quest of the Subcommittee on Blood Substitutes. 
It maintained satisfactorj' transfusion properties 
in resuspended ejythrocv-tes for onl}- 10 days 
(Figure 5). 

In vitro studies indicated that non-diffusible 
disaccharides might be effective as erythroc}Te 
preserv'atives ; so the maltose-dextrose solutions 
(solutions No. 9, 10, 11 and 12) were devised to 
test this possibilit}-. Only solution No. 12 was of 
any value (Table III). 

Ball and his collaborators (37) showed that the 
malarial parasite could be satisfactorily cultivated 
in erythrocytes suspended in the complex solution 
described as “RPA” (solution No. 13). It seemed 
possible that one of the reasons this solution sup- 
ported the growth of malarial parasites was be- 
cause it maintained eiythrocyte viabilitv-. There- 
fore, we investigated the preservation of eiythro- 
cytes separated from their plasma, resuspended, 
and stored in this fluid. 



698 


J. F. ROSS, C. A. FINCH, W. C. PEACOCK, AND M. E. SAMMONS 



Fig. S. Comparison of the Post-transfusion Survival of Erythrocytes Separated 

FROM Plasma 

ACD represents cells separated from blood drawn into ACD and stored without addition of 
diluent (solution No. 14). The “albumin” and “corn syrup” cells were resuspended in solu- 
tions No. 7 and 8. 


The post-transfusion survival of these cells was 
quite good (Table III), but, as in the case of the 
albumin solution, corn syrup, and maltose-dextrose 
solutions, it was not so good as the survival of cells 
stored in simpler and less expensive preservatives. 

The excellence and simplicity of the ACD solu- 
tions (solutions No. 5 and 6) as whole blood 
preservatives and the fact that plasma was not 

TABLE III 


The survival of erythrocytes separated from plasma 


Resuspending solution or technique 

Per cent r.b.c. surviving 
in the recipient's circu- 
lation 24° after trans- 
fusion of blood stored 


7 

days 

1 14 

days 

21 

days 

7. Human albumin 

90 

80 

72 

8. Corn syrup 

74 

64 

51 

9. Maltose No. Ml 

10. Maltose No. M2 

11. Maltose No. M3 

12. Maltose No. M4 

13. RPA solution 

43 

0 

81 

90 

25 

20 

72 

80 

63 

14. ACD (2 per cent solution) 


80 

70 

packed cells not resuspended 

94 

15. ACD (5 per cent solution) 


78 

70 

packed cells not resuspended 

92 

16. AC (5 per cent solution) -F dex- 
trose added to packed cells 


j 

75 

after 24° 

97 

90 


essential to the preservation of erythrocytes (solu- 
tions No. 7, 8 and 12) suggested that red blood 
cells might survive if they were separated from 
blood drawn into ACD and stored without re- 
suspension (solution No. 14). The survival of 
cells preserved in this fashion was excellent (Fig- 
ure 5). A smaller volume ACD (solution No. 15) 
proved just as effective as solution No. 14 (Fig- 
ure 6) . 

In tlie recovery of plasma it may be desirable 
in some instances not to add dextrose directly to 
the preservative solution until the plasma has been 
removed. To investigate the possibility of pre- 
serving the erythrocytes of such blood we carried 
out the procedure outlined in solution No. 16. 
Blood was drawn into 5 per cent disodium citrate 
solution, the plasma was removed the next day, 
and dextrose solution was added to the cell mass. 
As summarized in Table III, the survival of these 
erythrocytes was as good, if not slightly better than 
the survival of cells drawn directly into ACD. 

Influence of storage temperature on post-transfu- 
sion erythrocyte survival 

Although Rous and Turner (3) in their original 
observations clearly demonstrated the importance 
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of refrigeration in the preserv^ation of stored blood, 
a recent publication questioned its necessity and 
claimed that certain preserv'atives were capable of 
maintaining erjdhrocyte viability at room tempera- 
ture (46) . Large amounts of unrefrigerated whole 
blood were being sent to the European Theatre of 
Operations in 1944, and since poor preservation of 
this blood might render it potentially dangerous to 
recipients the question of refrigeration was re- 
investigated. 

In the first series of observations, donor blood 
was drawn directly into Alsever’s solution (solu- 
tion No. 4) at room temperature (25° C.) and al- 
lowed to remain at room temperature until trans- 
fused. As illustrated in Figure 7 the post-trans- 
fusion survival of these erjlhrocytes was extremely 
poor. After 2 days’ storage only 65 per cent of 
er 3 dhrocytes survived 24 hours in the recipient’s 
circulation, and after 4 days, only 25 per cent of 
the cells survived 24 hours. 

When blood was taken into chilled ACD, stored 
at 4° C. for 3.5 days, and then at room temperature 
(25° C.) until transfusion, erythrocyte survival 
was extremely poor, and after 9 days’ storage, 
none of the labeled cells survived (Figure 7). 

The adverse effect of warm temperature was not 
overcome by returning the blood to refrigeration 
after it had been exposed for relatively brief pe- 


riods of time to room temperature. Blood drawn 
into chilled Alsever’s solution, refrigerated at 4° C. 
for 2 days, exposed to room temperature (25° C.) 
for 24 hours, and then returned to 4° C., showed 
considerable decrease in post-transfusion survival 
(Figure 7). 

These studies emphasize the necessity for con- ' 
stant refrigeration of whole blood and of erythro- 
cytes during storage and reconfirm the original ob- 
servations of Rous and Turner. 

Practical application of acid citrate-dextrose 
solutions 

The acid citrate-dextrose solution of Loutit and 
Mollison (solution No. 5) and the small volume 
ACD (solution No. 15) were given extensive 
practical trials in the blood bank of the Massachu- 
setts Memorial Hospitals. From September, 1944 
until January', 1946 the ACD of Loutit and Molli- 
son (solution No. 5) was used for all routine bleed- 
ings in the blood bank. During this period 2,576 
bloods were taken into this solution, 1,926 transfu- 
sions were given, and 217 pints of pooled, frozen 
plasma were prepared. 

The maximum period of storage of this blood 
was 21 days although most bloods were transfused 
within the first 10 days after they were dra^TO. 
The therapeutic responses to these transfusions 



Fig. 6. The Eftect of V.mu.wiok is the Volume of Ppj:sEEV.\Tnx os the Post-tpx::sfus!os 
Sutsw.M. OF ER\Tnp.ocyTES Sei'.\r.^ted FFOi! Plasma 
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Fig. 7. The Effect of Variation in Storage Temperature on the Post-transfusion 

Survival of Erythrocvtes of Whole Blood 


were completely satisfactory, and the incidence of 
reactions was not higher than that usually prevail- 
ing in this blood bank. 

The concentration of the citrate ion in the super- 
natant plasma of the ACD blood mixture is ap- 
proximately 24 millimolars — a value approximately 
double the concentration needed to prevent coagu- 
lation (47). In spite of this fact, however, there 
is a tendency to clot formation in blood drawn into 
this solution unless the blood and anticoagulant 
are thoroughly mixed during the process of vene- 
section. If this precaution is observed, the inci- 
dence of clot formation is no higher than with other 
preservative fluids, and in our experience has pre- 
sented no serious difficulty. 

From January, 1946 to February, 1947 the 50 
ml. of 5 per cent ACD solution (solution No. 15) 
was used for routine bleedings ; 2,522 bloods were 
drawn into this solution, 2,002 transfusions were 
dispensed, and 181 pints of frozen plasma were 
prepared. This preservative was in every re- 
spect as satisfactory as the larger volume ACD 
preservative. 

Packed red blood cells separated from their 
plasma were routinely prepared from bloods drawn 
into each solution as described for solutions No. 14 
and 15. They have proven eminently satisfactory 


therapeutically, and their use in transfusions for 
the correction of anemia is steadily increasing. 

COMMENT 

Loss of viability of stored erythrocytes proceeds 
at a very constant rate in blood stored in any given 
preservative, suggesting that the degenerative proc- 
ess may be one of aging and siinilar to the process 
normally going on in the body. The steadiness of 
the rate of senescence is well illustrated in Figures 
4, 5, and 7 in which it appears that the decrease 
in viable erythrocytes is a straight line function of 
time. It is possible to calculate the approximate 
rate of senescence per day for blood stored in dif- 
ferent preservatives and such rates are tabulated 
in Table IV. The rate is high in poor preserva- 
tives and at room temperature, and low in .good 
preservatives and in the cold. In all preservatives 
studied it is higher than the 0.83 to 1.0 per cent 
per day rate of degeneration of erythrocytes in 
the body. 

Following injection into a recipient, most of the 
non-viable erythrocytes are removed from the 
circulation very rapidly — usually within an hour or 
two. A smaller number are removed at a less 
rapid rate during the next 10 to 20 hours (Figures 
1 and 2). The cells which are removed rapidly 
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TABLE IV 


Maximum allowable duralion of slorage of blood and 
separated erythrocytes in various preservatives 


Preserv'ative 

Maximum 

duration 

storage 

Approximate 
rate of 
degeneration 
of r.b.c. 
in vitro 

Solu- 

tion 

Name 

permitting 

70 per cent 
post- 

transfusion 

no. 


survival 




days 

Per uni 
ptr day 


Whole blood 



2 

Denstedt’s 

24 

1.4 

6 

, Acid citrate-dextrose 

23 

1.4 

5 

Add dUate-dextrose 
(Loutit and Moitison) 
Alsever’s 

22 

1 

1.4 

4 

1 ^ 

3.0 

1 1 

Trisodium dtrate 

5 

7.0 


Separated cells 



14 

R.b.c. from blood in ACD 




of Loutit and Mollison 

20 

1.5 

16 

R.b.c. from blood in 5 per 




cent acid dtrate. Dex- 
trose added later 

24 

1.3 

IS 

R.b.c. from blood in 5 per 




cent ACD 

20 

l.S 

7 

R.b.c, suspended in albu- 




min solution 

22 

1.4 

13 

R.b.c. suspended in RPA 


1.7 


fluid 

18 

12 

Maltose-dextrose 

IS 

2.0 

8 

Com syrup 

10 

3.0 


probably are dead prior to injection; those re- 
moved at the slower rate probably have been dam- 
aged during storage and become non-viable after 
injection. 

The longer a blood has been stored and the more 
non-viable erythrocytes there are — the more rapid 
is the rate at which the non-viable cells are re- 
moved. This may be accounted for by progres- 
sive changes in the stored erythrocytes after they 
have become non-viable — a “postmortem degener- 
ation,” so to speak. If these changes are extensive 
enough they may result in actual disintegration of 
the erythrocytes and be reflected by gross hemoly- 
sis in the stored blood. As described in a subse- 
quent paper, however, extensive degenerative 
changes may occur in er}-throcytes stored in some 
preservatives, without gross hemolysis or other 
evidence of cell disintegration. 

Our studies have been directed primarily at a 
critical evaluation of the effectiveness of certain 
selected preservatives, rather than at a general sur- 
vey of the properties of preservative fluids. How- 
ever, there arc certain important features of blood 
preservatives which have become apparent in our 


studies, and these will be .commented on briefly. 
The presence of dextrose in a preservative solution 
is essential for maintenance of er>dhrocyte via- 
bility. Its actual concentration does not appear to 
be critical within the range of 0.5 to 2.0 per cent. 
The initial reaction of the preservative-blood 
mixture is important and should be between pH 
6.8 and 7.0. Certain autol)-tic or destructive proc- 
esses probably are retarded at this pH, The de- 
gree of dilution of the blood with preserv’ative 
fluid is not of great importance. The survival 
of erythrocytes stored in a cell mass with a he- 
matocrit of 88 per cent is little different from the 
survival of cells stored in a whole blood-pre- 
servative mixture with a hematocrit of 30 per 
cent. The presence of plasma in the preserrnng 
medium is not essential for good erythrocyte pres- 
ervation, and there is some evidence that its re- 
moval may improve preservation. The importance 
of constant refrigeration has already been empha- 
sized. The addition of vitamins, amino acids, and 
other accessory substances is not essential and does 
not improve erythrocyte preservation. 

In adopting the arbitrary' value of 70 per cent 
post-transfusion survival as a minimum require- 
ment for satisfactory transfusion properties, we 
do not wish to imply that blood providing cells of 
this viability is as satisfactory as blood in which a 
greater percentage or all of tlie cells are viable. 
Although blood stored for 3 weeks and providing 
erj'throcj'tes of 70 per cent viability may be “satis- 
factory” for transfusion under emergency circum- 
stances, it is not so good as fresh blood or blood 
stored for a shorter period of time. During the 
war when large quantities of blood had to be 
shipped literally to the ends of the earth it was oc- 
casionally necessary' to use blood stored for 3 
weeks, and such blood saved the lives of thousands 
of American troops. In civilian practice and in 
most hospital blood banks there is no necessity for 
using blood stored this long. 

From a practical standpoint, however, transfu- 
sion of blood stored in ACD, or one of the modifi- 
cations of ACD, for 7 to 10 days may be considered 
as satisfactory as fresh blood for the relief of 
anemia. 

SUJ.'JfARV 

(I) The effectiveness of 16 solutions and of 
various techniques in the preservation o: whole 
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blood, and of erythrocytes separated from plasma 
have been evaluated with the radioactively tagged 
erythrocyte technique. 

(2) The most effective preservative and the 
simplest to prepare was an acid citrate-dextrose 
solution. 

(3) Whole blood drawn into this solution main- 
tained satisfactory transfusion properties during 
a storage period of 21 days. 

(4) Erythrocytes separated from blood drawn 
into this acid citrate-dextrose solution and stored 
without addition of diluent also maintained satis- 
factory transfusion properties during a storage pe- 
riod of 21 days. 

(5) This acid citrate-dextrose solution proved 
to be very satisfactory in routine hospital blood 
bank use. 

(6) Studies of the influence of temperature on 
the viability of stored erythrocytes emphasized the 
necessity for constant refrigeration of blood during 
the entire period of storage. 
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The evaluation of the efficacy of whole blood 
transfusion in augmenting total red cell volume has 
always been of interest to physicians called upon to 
care for patients with hemorrhage, burns, blood 
dyscrasias, or traumatic shock. The establishment 
of blood banks, resulting in an increasing use of 
stored blood, has focused more attention on the 
problem. Military requirements have created a 
demand for the preservation of whole blood over 
far longer periods than are required for civilian 
purposes. The urgent need for better preservative 
solutions and for the selection of the best condi- 
tions for overseas air transport of whole blood for 
the Armed Forces made it imperative that an ac- 
curate method of measuring the post-transfusion 
survival of stored human erythrocytes be available. 

The morphological and chemical changes that 
take place .in red cells during storage have been 
studied by several laboratory methods. The rate 
of spontaneous hemolysis, changes in cell dimen- 
sion, changes in the permeability of the cell mem- 
brane, changes in osmotic resistance to hypotonic 
solutions of NaCl, rate of diffusion of potassium, 
.and disturbances in carbohydrate metabolism have 
all been proposed as in vitro tests for the evalua- 
tion of the ability of stored red cells to survive after 
transfusion. 

Each of these tests assays only changes in one 
functional characteristic of the erytlirocyte and it 
is for this reason that the opinion has been ex- 
pressed that in vitro tests fail as a guide to the 

1 The work described in this paper was done under a 
contract, recommended by the Committee on Medical Re- 
search, between the Office of Scientific Research and De- 
velopment and the Massachusetts Institute of Technology, 
in collaboration with the Peter Bent Brigham Hospital, 
and the Massachusetts General Hospital. 


viability of stored blood (1). When several of 
these techniques have been applied in conjunction, 
they have served a useful purpose in screening sug- 
gested preservative solutions for further evalua- 
tion. But, until the changes demonstrated by in 
vitro studies are proved to reflect truly the degree 
of red cell deterioration, the final evaluation of 
any preservative must be based on the results of 
in vivo post-transfusion survival studies. 

The simplest in vivo method is the measurement 
of the recipient’s red cell count, hemoglobin, or 
hematocrit before and after transfusion. In un- 
complicated anemia or blood loss this procedure 
does give some idea of the improvement in red cell 
volume, but in hemolytic anemias or in the pres- 
ence of continuing hemorrhage the interpretation 
of data is difficult or impossible. It has been our 
experience that the hematocrit and hemoglobin 
level of venous blood, as well as the red cell count 
from finger blood, vary greatly in random samples 
from a given individual, depending upon the de- 
gree of venous stasis incident to venipuncture, 
temperature of extremities, and the general cir- 
culatory state of the subject. This variation may 
be as great as the net increase in hematocrit, he- 
moglobin, or red count expected to result from a 
single 500-ml. transfusion. 

The increase in circulating red cell volume re- 
sulting from one or more transfusions may be 
measured by the dye-plasma volume hematocrit 
technic with a fair degree of accuracy. A trans- 
fusion of 500 ml. of whole blood contains about 
200 ml. of erythrocytes. This quantity is about 
10 per cent of the normal human circulating red cell 
volume (2) . In hemorrhage or blood loss the per- 
centage of transfused to recipient circulating red 
cells varies directly with the degree of cell volume 
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deficit. A single transfusion will rarely represent 
more than 30 per cent of the pre-transfusion erj'^th- 
rocyte volume. 

Plasma volume can be measured by the dye 
method within — 5 per cent. An additional error 
is introduced by unavoidable variations in the he- 
matocrit determination on venous blood samples, 
upon which the red cell volume is calculated. Cir- 
culating red cell volume measured by the dye- 
plasma volume hematocrit technic is greater than 
the true volume (3, 4, 5), because the hematocrit 
of capillary blood is less than that of blood in large 
vessels (6, 7). This error may be minimized by 
correcting the calculated cell volume by the factor 
0.85. Hence, the intrinsic error of the technic, 
which is about ^ 5 per cent, may be the equivalent 
of a large fraction of the cells transfused. It is 
desirable to follow the fate of stored cells at fre- 
quent intervals after transfusion, but the dye 
method gives only data for a single period, and re- 
peated blood volume determinations at short in- 
tervals are not always practicable. 

The occurrence of hemoglobinuria or hemoglo- 
binemia following a compatible transfusion is, of 
course, evidence of massive destruction of donor or 
recipient cells. Hemolysis produces a rise in re- 
cipient serum bilirubin levels. Strumia has shown 
a progressive hyperbilirubinemia with increasing 
age of stored blood (8). Gilligan and Altschule 
(9) found large variations in the net rise in plasma 
hemoglobin levels following the intravenous ad- 
ministration of hemoglobin solutions, indicating 
wide individual differences in the ability to handle 
pigments derived from blood. Bilirubin data are 
misleading in patients with liver disease or hemo- 
lytic tendencies. The measurement does not per- 
mit quantitative evaluation of cell destruction. 

The agglutination method of following the fate 
. of transfused cells was introduced by Ashby in 
1919 (10, 11). Whole blood from a group O do- 
nor is given to a group A recipient. The trans- 
fused O cells are, of course, of all different ages 
and represent mixed-age cells. Samples of re- 
cipient blood are taken and the A cells agglutinated 
with anti-A typing serum and thrown down by 
centrifugation. The unagglutinated O cells re- 
maining in suspension are then counted with stand- 
ard blood counting pipettes and chambers. The 
count in a sample drawn at the completion of the 
transfusion or shorth’ thereafter is usually taken 


as the quantity of O cells in circulation resulting 
from complete retention of all the transfused cells. 
Counts upon subsequent samples are referred to 
this ‘TOO per cent value” for calculation of the 
percentage of surviving O cells. The method has 
been widely used in the study of red cell preser- 
vation by Mollison (12), Maizels (13), Denstedt 
(14), and more recently by Thalhimer (15). 

Scrutiny of the results obtained by these workers 
shows that the non-agglutinable counts on samples 
taken onlj' a few days apart may varj^ by as much 
as 20 per cent (14, 15), even when the greatest 
possible care is taken. This suggests a large in- 
trinsic probable error in the method. 

All workers report that a certain proportion of 
the recipient A cells are not agglutinated by anti-A 
sera, even though of veiy' high titre. In practice 
this non-agglutinable cell count is determined prior 
to transfusion and subtracted from subsequent 
counts. The assumption is that this non-agglu- 
tinable portion of recipient cells remains a constant 
throughout the observation period, which in some 
instances has been as long as 130 days. Such an 
assumption may or may not be valid. 

It is assumed that a complete separation of the 
unagglutinated O from the agglutinated A cells is 
effected by the addition of serum and subsequent 
shaking and centrifugation. It is, however, pos- 
sible that numbers of the O cells ma}' become en- 
meshed in the large A agglutinates and carried 
down therewith in centrifuging. 

It has been suggested (14) that in instances in 
which there is an abrupt rise in cell count from the 
preHously prevailing slope of cell disappearance, 
some of the transfused cells may have been tem- 
porarily withdrawn from circulation (in the spleen 
or liver), and later have re-entered the circulation. 
This hardly seems likely, since it is improbable 
that there are any great "depots” of red cells in the 
body but rather that in the normal state practically 
all the er 3 'throc 3 'tes are in active circulation at all 
times (7). . 

The agglutination technic permits one to follov,- 
the presence of transfused O cells throughout their 
entire life span in the recipient, information tliat 
cannot be obtained b\- the radioactive technic. 

A method of measuring post-transfusion sur- 
vival of human eiythrocj'tes In- means of radio- 
active isotopes of iron was first descrilied by Ross 
and Qiapin in 1943 (16). The modifications dc- 
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Fig. 1. Viability of Human Erythrocytes Stored as Whole Blood in 4 per cent Sodium Citrate 
Five hundred ml. of whole blood from a radioactive donor was taken in 4 per cent sodium citrate and divided 
into 2 equal parts. One aliquot was transfused on the day drawn, and the other given to the same recipient after 
refrigerated storage for 7 days. The Ua of the recipient’s red cells following the first transfusion indicates good 
retention of the tagged cells for 1 day and a slight loss on the second day. After the second transfusion the re- 
cipient Ua rose, but not to twice the level resulting from the first transfusion. Since both aliquots contained the 
same amount of radioactivity, some of the tagged cells from the second transfusion disappeared from the circulation 
during the administration of the blood. Only about % of the 7-day old cells were viable as shown by the fall in re- 
cipient Ua through the twelfth day. The subsequent rise in Ua is due to re-utilization of iron from non-viable cells 
in hemoglobin synthesis. 


scribed herein were developed from our studies in 
measuring circulating red cell volume in shock. 
The physical principles involved, the character- 
istics of the iron isotopes used, the apparatus for 
radioactivity detection, as well as the experimental 
techniques of using tagged human erythrocytes for 
cell volume determination have been described 
previously (17, 18). For the purposes of this 
study a brief resume will suffice. 

When small amounts of radioactive ferric am- 
monium citrate (0.5 to 1.5 mgm.) are given intra- 
venously, the salt is rapidly removed from plasma 
and deposited in body iron stores ('l8). In the 
process of erythrocyte formation in the marrow, 
some of the iron atoms that become incorporated 
in the hemoglobin molecule of developing cells are 
radioactive. Since hemoglobin does not escape 
from the healthy erythrocyte, it follows that as long 
as the tagged red cells remain intact, their pres- 
ence may be detected in the blood stream. If these 


cells are destroyed, the released radioactive iron re- 
turns from the plasma to the iron stores, and even- 
tually is re-utilized and resynthetized into hemoglo- 
bin, again appearing in new red cells in the blood 
stream. Thus the immediate retention (24 to 48 
hours) of stored tagged cells can be determined, 
and the eventual utilization of the iron from those 
cells that did not survive can subsequently be 
measured. 

Data obtained in the first experiment of this type 
which we carried out are shown in Figure 1. 
Following a transfusion of fresh radioactive whole 
blood (drawn in 4 per cent sodium citrate), the 
recipient’s cell Unit Activity (Ua) - remained con- 
stant for 24 hours, followed by a slight fall from 

2 Defined as counts per minute (cpm) per ml. of red 
cells referred to cpm of a radioactive iron standard meas- 
ured at the same time, and therefore independent of the 
rate of radioactive decay of the active isotope and counter 
variability. 
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the initial level, indicating that about 90 per cent 
of the transfused cells were retained. On the 
eighth day a transfusion of week-old cells from the 
same blood donor, and equal in amount to the first, 
was given. There was a rise Ua to almost, but not 
quite, twice that resulting from the first infusion. 
During the next 5 days Ua progressively dropped, 
leveling off at a value corresponding to a retention 
of about 50 per cent of the cells given in the second 
transfusion. Thereafter Ua rose to about 75 per 
cent of the original level. Since the only source of 
radioactive iron in the subject was the transfused 
red cells, it follows that about % of the iron re- 
leased from destroyed cells was re-utilized by the 
end of the observation period. 

This experiment brings out a fact of importance. 
The level to which Ua rose immediately follorving 
the second transfusion was less than tAvice the level 
following the first transfusion even though both 
contained an equal amount of radioactivity. It is, 
therefore, evident that the initial post-transfusion 
activity level following the second transfusion did 
not correspond to 100 per cent retention, but that 
some of the tagged cells were withdrawn from 
circulation zchile the blood was being administered. 
Thus it is essential to supplement this simple pro- 
cedure with an independent method of determining 
the radioactivity level corresponding to 100 per 
cent retention of the transfused tagged red cells. 

It is therefore necessary to determine the recipi- 
ent’s circulating cell volume at the time the trans- 
fusion is given. In some of our experiments this 
was determined by the dye-plasma volume hemato- 
crit technic. The calculated cell volume was cor- 
rected by the factor 0.85 which we have found to be 
the average ratio of the values for the true cell 
volume measured by radio-iron and the cell volume 
calculated from the dj’e-plasma-hematocrit (5). 
Post-transfusion survivals calculated upon these 
values probably are accurate to within — 5 per 
cent. 

In many experiments, the recipient’s pre-trans- 
fusion red cell volume was more accuratel}'- meas- 
ured by a small infusion of fresh group O cells 
tagged with Fe^®. The preser\'ed transfused cells 
were tagged with Fe'®. Botli isotopes can be 
measured in the same blood sample (17). 

The transfused quantity of preserved stored cells 
tagged with Fe'® and the radioactivity of those cells 
IS measured. Knowing the recipient's red cell 


volume the radioactivity level corresponding to 
100 per cent retention of the transfused cells is 
calculated by the equation 

r, C X UaD 
Vrn -f Vrri 

where 

Uct is the 100 per cent value of the unit activity 
Ua. 

C is the quantity of cells transfused in ml. 

UaD is the unit activity of those cells, and 

Vrri is the recipient’s pre-transfusion red cell 
volume in ml. as measured by Fe®®. 

Vrr 2 is the quantity of stored cells transfused. 

The percentage of radioactive cells in the re- 
cipient’s circulation at any time in terms of the 
quantity transfused therefore is 

UaR'X 100 
UaT ’ 

where UaR is the recipient’s red cell radioactivity 
level. 

A typical experiment in which recipient cell 
volume was measured by radio-iron is shown in 
Figure 2, The subject was a normal 22-year-old 
male, blood group A, who had been bled 1 day 
prior to transfusion. On the morning of the ex- 
periment plasma volume was determined by the 
dye method. At the same time, radio-iron red cell 
volume W'as determined, the subject receiving 44.8 
ml. of cells drawn as whole citrated blood from a 
group O donor who had been built up with Fe®®. 
Three venous blood samples were drawn at 10- 
minute intervals after the injection of dye and 
tagged cells for measurement of plasma dye con- 
centration and red cell radioactirity. Four hours 
later tlie subject received 160 ml. of cells tagged 
with Fe®®, drawn as whole blood in Alsever’s 
solution and stored 19 days. 

Venous blood samples were then drawn at 20 
minutes and approximately 1, 4, and 8 hours after 
the end of the transfusion of stored blood. Two 
blood samples were taken on both the first and 
second day, and 1 sample on the third, fourth, and 
fifth day after transfusion, and a final sample was 
taken on the twenty-eighth day. .*M1 of these 
samples were analyzed for both Fe®® and Fe®®. 
Data obtained are given in Protocol GR-7S and 
are plotted in Figure 2. 
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Fig. 2. Method of Measuring Post-transfusion Survival of Stored Human Erythrocytes by means of 2 

Isotopes of Radioactive Iron 

The recipient’s pre-transfusion circulating red cell volume was determined by giving 44.8 ml. of freshly drawn 
group O cells tagged with Fe" and found to be 2,140 ml. Then 160 ml. of group O cells tagged with Fe“ and stored 
19 days were given. The resultant expected red cell volume was 2,300 ml. The theoretical recipient red cell Ua 
corresponding to 100 per cent retention of the Fe“ cells was 0.497. The lowest recipient Fe“ Ua value was 0.129, 
and survival was computed at 26 per cent. 


Recipient’s pre-transfusion red cell volume computed 
from the quantity of Fe“ cells given, the Ua thereof, and 
the average Fe“ Ua value of the first 4 recipient’s blood 
samples, is 


44.8 X Ua Fe” (1.58) 
0.0332 


2,140 ml. 


This agrees well with the calculated corrected dye- 
plasma-hematocrit red cell volume of 2,110 ml. 

The total quantity of recipient circulating red 
cells is equal to the red cell volume plus the amount 
of cells transfused, or 2,140 ml. -f- 160 ml. =2,300 
ml. 

The recipient’s 100 per cent retention value Fe®® 
Ua then becomes 


160XUaFe®®(7.1) ^ 
2,300 


This value, 0.497, is higher than that of the first 
post-transfusion sample, 0.418, indicating a loss 
of about 16 per cent of the transfused cells in the 
50-minute interval between starting the transfu- 
sion and drawing the first sample. 

The lowest recipient Fe®® red cell Ua ® during 
the first post-transfusion day is used for calculat- 
ing percentage survival, which is 

0-129 

== 26 per cent. 

It will be noted that the Fe®® Ua values of the 

3 No correction for blood loss in sampling was made 
since the total whole blood drawn, after the transfusion 
of stored cells, was about 150 ml. or about 3 per cent 
of the recipient’s total blood volume, an average of less 
than 1 per cent per day. 
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Protocol Exp. No. GR-78 December 7, 1944 

POST-TRANSFUSION' SURVIVAL OF WHOLE BLOOD IN ALSEVER’s SOLUTION TRANSFUSED 19 DAYS AFTER DRAWING 
Subject: J. G. Age: 28. Sex: male. Height: 183 cm. Weight: 77.2 kgm. 

Plasma volume: 3,430 ml. Hct.: 42.1 per cent. Total blood vol.: 5,920 ml. Red cell voL: 2,490 ml. X 0.85 = 2,110 ml. 


Date 

Time 

Procedure 

i Unit activity 

Ratio 

UaFe« 

UaFe^'*’ 

1 

FeK 

12/7/44 

9:45 a.m. 

9:46- 

9:48 

9:59 

10:10 

10:19 

1 :28 p.m. 
1:28- 
1:56 

10 mgm. Evans Blue i.v. 

108 ml. whole blood 
(44.8 ml. cells) i.v. 

Venous sample 

Venous sample 

Venous sample 

Venous sample 

575 ml. blood at hct. 28 per cent = 
160 ml. cells i.v. 

t 

1.580 

1 a 0.0340 
b 0.0320 
c 0.0310 
d 0.0338 

! 

7.10 



t - 2:18 

Venous sample 

e 0.0319 

9.418 

13.10 


3:25 

Venous sample 

, f 0.0319 


10.50 


5:30 ■ 

Venous sample 

g 0.0313 

0.223 

7.08 


9:30 

Venous sample 

h 0.0337 

0.162 

1 5.15 

12/8, /44 

9:42 a.m. 

Venous sample 

i 0.0318 

0.153 

! 4.85 


1 :32 p.m. 

Venous sample 

i 0.0293* 

0.129 

4.10 

12/9/44 

9:45 a.m. 1 

Venous sample 

k 0.0313 

0.156 

4.95 


1 :00 p.m. 1 

Venous sample 

1 0.0323 

0.164 

5.21 

12/10/44 

3:35 p.m. 

Venous sample 

m 0.0332 

0.181 

5.75 

12/11/44 

9:45 

Venous sample 

n 0.0313 

0.207 

6.57 

12/12/44 

9:45 

Venous sample 

Average 

o 0.0315 
0.0318** 

0.255 

8.10 

1 


* Part of sample lost in processing. 

** Ua Fe” is average of values for samples &-o, inch, omitting sample j. 


recipient red cells remained constant, within the 
limit of error of the technic, throughout the first 
5 days of the experiment, indicating virtually com- 
plete retention of these group O tagged cells. The 
slight fall in Ua samples d and e is to be explained 
by the additional dilution of the Fe’® tagged cells 
by the transfused Fe'® cells. 

The ratio of Ua Fe“° to Ua Fe®® falls progres- 
sively during the first 24-hour post-transfusion pe- 
riod and thereafter rises. Since this ratio is an 
expression of the proportion of Fe®® to Fe®® tagged 
cells in the circulation and since virtually all of the 
Fe®® tagged cells were retained, this ratio can also 
be used for computing percentage of survival. 

41 

Thus, = 26.2 per cent. 

■ The rise of the ratio after the first post-trans- 
fusion day is due to the presence of radio-iron de- 
rived from non-viable transfused cells tagged with 
Fe®®. 

Figure 3 shows the course of the radioactive red 
cell level of a subject receiUng “tagged” whole 
blood in McGill II solution, stored under re- 


frigeration for 29 days prior to transfusion. Unit 
activity data are expressed in terms of percentage 
of total cells transfuesd Ua/Uar. A large propor- 
tion of the cells had deteriorated during storage 
and their removal from the blood stream was re- 
flected by a sharp decline in recipient red cell 
radioactivity in the first few hours after transfu- 
sion, falling to about % of the calculated 100 per 
cent retention value. During the following day 
this level was unchanged, but thereafter successive 
samples showed a rise in radioactivity, at first 
rapid, but leveling off at about 70 per cent of the 
100 per cent value. 

The question arises as to whether or not those 
cells which were not rapidl}' removed from circu- 
lation were normally functioning cells with normal 
life expectancy and remained in circulation 
throughout the obsen-ation period. Denstedt ( 14) 
and more recently Thalhimer (15) have shown 
that when the post-transfusion course of stored 
cells is followed by the agglutination technic there 
may be an initial abrupt fall in the recipient's 
group O cell count, followed by a decreased rate 
of disappearance, the slope of which closely ap- 
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WHOLE BLOOD IN Me G ILL H SOLUTtON 
STORED 29 DAYS 



Fig. 3. Re-utilization of Radio-Iron Deritod from 
Non-viable Transfused Stored Cells in Synthesis 
of Hemoglobin 

About 80 per cent of the tagged stored cells were rapidly 
withdrawn from circulation ; and the radio-iron contained 
in these non-viable cells may be considered as available 
for blood-iron need. For reasons given in the text, it is 
assumed that those cells not immediately destroyed retain 
full functional capacity and are retained. Hence, about 
20 per cent of the recipient red cell radioactivity is ac- 
counted for by these viable cells, and the remainder of 
the radioactivity, indicated by the broken line, is due to 
resynthesis into hemoglobin of radio-iron; so about % of 
the radio-iron available was re-utilized. From the third 
post-transfusion day on, the percentage of circulating 
tagged cells rose, leveling off about the twentieth day at 
about 75 per cent of the original value. 

proximates that obtained for transfused fresh 
group O cells, somewhere in the neighborhood of 
1 per cent per day. This conclusion was confirmed 
by 2 experiments in which the fate of group O 
cells tagged with radioactive iron (Fe®®) trans- 
fused into group A recipients was followed by both 
the agglutination and radio-iron techniques. 

Two such experiments, in which equal aliquots 
of blood drawn from the same donor into De Gow- 
in’s solution were transfused into individual re- 
cipients, one on the day of collecting, and the other 
after storage for 24 days, are illustrated in Figure 
4 .-* 

Following the transfusion of fresh blood, a 
prompt initial loss of about 10 per cent of the cells 

* These experiments were carried out in collaboration 
with Dr. Orville Denstedt, McGill University. 


was demonstrated by both methods. Thereafter 
the number of radioactive cells in circulation in- 
creased, reaching the 100 per cent value on the 
thirtieth post-transfusion day, whereas the count 
of non-agglutinable cells progressively fell until, 
the sixtieth day, somewhat less than 40 per cent 
were detectable in the blood stream. A much 
greater initial loss occurred in the subject receiv- 
ing the 24-day-old blood. The immediate (24 to 
48 hour) survival Tvas about 40 per cent by the 
radio-iron and about 70 per cent by the agglutina- 
tion technic. This discrepancy is probably to be 
accounted for by a considerable destruction of cells 
during the interval between the beginning of the 
transfusion and the taking of the first blood sample 
for non-agglutinable count. Radioactivity data re- 
vealed that 60 per cent of cells had disappeared 
from the circulation in the first 6 hours after trans- 
fusion started. Since the initial post-transfusion 
count was used as the denominator in calculating 
percentage of transfused cells remaining in circu- 
lation, the computed immediate survival was falsely 
high. 

After the initial loss, a continuous rise in the 
recipient’s red cell radioactivity occurred, reach- 
ing a level of about 90 per cent of the 100 per cent 
value on the fortieth post-transfusion day. Dur- 
ing this period the percentage of non-agglutinable 
cells fell at a rather constant rate. 

In the case of both the fresh and the deteriorated 
blood, however, after the initial drop, the non- 
agglutinable cells disappeared at a rate of about 
one per cent per day, or at a mortality rate equal 
to that of normal cells. 

The increase in radioactivity of recipient’s cells 
after the initial decline is due to the presence of 
tagged cells newly developed since the transfusion. 
About 80 per cent of the transfused cells were de- 
stroyed and their contained iron may be considered 
as available for re-utilization.- The curve of re- 
generation flattens out at about 50 per cent of the 
quantity of radioactive cells destroyed during the 
first day, and hence it is concluded that % of the 
total radio-iron from destroyed cells was eventu- 
ally re-utilized and the remainder either excreted 
or stored. 

The assumption that the retained cells accounted 
for an almost constant portion of the total recipi- 
ent cell radioactivity appears to be warranted in 
this particular experiment, because only young red 



RED CELL SURVIVAL ill VIVO'. RADIO-IRON METHOD 


711 


POST-TRANSFUSION RED CELL SURVIVAL 
BY THE RADIO-IRON AND AGGLUTINATION METHODS 



DAYS AFTER TRANSFUSION 

Fig. 4. The Post-transfusion Survtv.al of Group O Blood Transfused Fresh and After 24 Days of Stor- 
age INTO an a Recipient, Measured by Both the Radio-iron and Agglutination Techniques 
Radioactivity levels clearly show the initial loss of cells and subsequent re-utilization of hemoglobin-derived iron. 
Non-agglutinable cell counts show an initial loss of non-viable group O cells, and thereafter a continued loss, the 
rate of which closely approximates the normal red cell mortality rate. 


cells had been tagged. The donor blood was 
drawn 28 days after the donor received his initial 
injection of radio-iron, and since the blood was 
stored 29 days, the oldest radio-iron tagged cells 
were approximately 57 days old when transfused. 
The normal life span of the adult human eiythro- 
cyte is considered to be at least 100 days ( 19, 20) . 
Hence, the residual cells would remain in circula- 
tion during the remaining 27 days of the experi- 
ment. 

It is important to ascertain whether the behavior 
of all donor cells, ranging in age from newborn to 
senescent, was similar during storage. The work 
of Denstedt (21) and Thalhimer (15), in whose 
studies the sur\-ival of cells representing tlie entire 
age population of donor erj-thrccj-tes was meas- 
ured, indicates that the percentage of non-vnable 
cells is roughly proportional to the number of days 


elapsing between drawing and transfusion. It was 
therefore necessary to distinguish, radioactively, 
between young cells and cells that were known to 
be of mixed age. The known fact of re-utilization 
of hemoglobin-derived iron was used to advantage 
to tag differentially young and mixed-age cells. 

For example, one donor received the first in- 
jection of 5-year iron at 133 days and the last in- 
jection 95 days prior to bleeding. He had also re- 
ceived 47-day iron, the first injection 28 days and 
the last injection 5 daj's prior to bleeding. Thus, 
all of the donor’s cells tagged with Fe'’ were young 
cells, whereas the cells tagged with Fe'" were rep- 
resentative of the entire cell population. 

Blood from another donor prepared in a similar 
manner was drawn into acid-citrate-de.xtrosc, and 
equal aliquots were transfused into 3 recipients 
after storage for 15, 29, and 41 days, respectively. 
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Blood from this donor was drawn into ACD, the 
plasma was removed and the cells resuspended in 
an acid-citrate-dextrose medium. Aliquots were 
transfused into 4 recipients after 3, 10, 16, and 
30 days’ storage at 4° C.- 
Red cell volume for determination of the 100 per 
cent retention value was calculated from plasma 
volume and hematocrit, and percentages of sur- 
vival were calculated from both the Fe®'’ and Fe*® 
recipient blood levels. In both experiments, as 
shown in Table I, the survival of the young (Fe®®) 


TABLE I 

The comparalive survival of young and mixed-age red cells 
tagged with radio-iron 


Days 

1 Day since donor received 

1 radio-iron 

Percentage 

survival 

Relative 

retention 

of 

stor- 

age 

Fgss 

Fe” 

Mixed- 

age 

(Fe“) 

1 

Young 

of mixed- 
age to 
young 


First 

Last 

First 

Last j 

1 

(Fe”) 

cells* 


Whole blood in acid-citrate-dextrbse 


0 

1 

179 ’ 

153 

30 

6 




IS 

193 

168 

45 

21 

87 

100 

0.87 

29 

208 

182 

59 

35 

52 

59 

0.88 

41 

1 

230 

1 

194 

71 

47 

37 

42 

0.88 


Cells resuspended in acid-citrate-dextrose 


0 

133 

95 

28 

5 




3 

136 

98 

31 

8 

87 

100 

0.87 

10 

143 

105 

38 

15 

81 

93 

0.87 

16 

149 

111 

44 

21 

78 

83 

0.94 

30 

163 

125 

58 

35 

43 

46 

0.93 


* The ratio of Fe“ to Fe^’ radioactivities (Ua) of re- 
cipient’s cells in relation to the ratio of the same isotopes 
in a sample of the donor cells transfused. 


cells was consistently better than that of the mixed- 
age (Fe®®) cells. The ratio of Fe®® to Fe®® radio- 
activities of recipient’s cells in relation to the ratio 
of corresponding radioactivities of the donor’s cells 
was about 0.9, and varied little with the length of 
storage period. 

These experiments indicate that when blood is 
obtained from donors who have been freshly pre- 
pared with radioactive iron, the survival of those 
cells on storage is proportional to the survival of 
all the cells, tagged and not tagged. Therefore, a 
comparison of red cell survival in various preser- 
vatives, based on blood from freshly built up do- 
nors, truly reflects differences in the value of 
different solutions. 


The use of 2 tracers also permits, under selected 
conditions, of measurements of changes in the re- 
cipient’s own cells. In the experiment described in 
Figure 5, the recipient, blood group A, received 
560 ml. of group O blood (220 ml. of cells) of 
high "anti- A” titre ( 1/400). Fe®® tagged group O 
cells for cell volume determination were given 
shortly before, and the value obtained agreed very 
closely with that calculated from the Fe®® recipi- 
ent levels. During the ne.xt 7 days the recipient 
Fe®® and Fe®® levels both rose progressively and to 
about the same degree. At the same time the ve- 
nous hematocrit progressively fell. It is clear that 
the proportion of the recipient’s cells that were 
radioactive became greater. Since both lots of 
group O cells were well retained, as evidenced by 
the constancy of the ratio of the 2 isotopes, it fol- 
lows that the rise in radioactivity was due only to 
destruction of the recipient’s own A cells. Cal- 
culations based on the original cell volume and the 
changes in Fe®® levels showed a loss of about 700 
ml. of A cells. (Calculations based on hematocrit 
changes showed a loss of only 500 ml.) During 
the remainder of the observation period the he- 
matocrit rose, and both radioactivity levels de- 
clined to almost the original levels, but the ratio 
of the two isotopes again remained constant. 
These later changes reflect the regeneration of re- 
cipient A cells. 

We have applied the method described to the 
study of a large number of solutions, recommended 
both for the preservation of erythroc)'tes as whole 
blood and as red cell resuspensions after removal 
of plasma. Results will be reported in subsequent 
communications. 

The method has also been placed at the disposal 
of several collaborators working in the field of 
blood preservation. They have built up their own 
donors with radio-iron prepared in the M.I.T. 
cyclotron, and donor and recipient blood samples, 
forwarded by mail, have been chemically prepared 
and analyzed for radioactivity in our laboratories. 
Since the cells are destroyed in wet-ashing, the 
packed cells can be laked prior to shipping. Time 
in transit or ‘■emperature changes do not affect 
the accuracy of radioactivity measurements. 

A standard system of mnemonic symbols for 
samples of donors’ stored and recipients’ bloods 
was developed to fac’ilitate reporting of data to 
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TRANSFUSION OF GROUP "O" BLOOD 
(ANTI-A TITER '/400) 

INTO GROUP "A" RECIPIENT 


Ft” 

•o 


59 


TRANSFUSION 


F. 


55 


EXP. NO. GR-68 

PLASMA VOLUME 3110 ce. 
RED CELL VOLUME 2000 cc. 
CELLS TRANSFUSED 220 cs. 
EXPECTED VOLUME 2220c£. 
CELL VOLUME 2l80cc. 



DAYS AFTER TRANSFUSION 


Fig, 5. Transfusion of High-titre Anti-A Group O Blooo into Group A Recipient 
Recipient's pre-transfusion cell volume as determined by the injection of 0 cells tagged with Fe“ was 2,000 ml., 
and 220 ml. of stored O cells with Fe“ were given. Thereafter the radioactivity level of both isotopes in the recipi- 
ent’s cells rose progressively for 6 days, exceeding the initial post-transfusion values. The ratio of the 2 isotopes, 
however, remained constant, indicating that both the fresh and stored O cells were all retained. The rise in radio- 
activity of both isotopes was therefore due to the progressive loss of the recipient's A cells. The recipient’s hemat- 
ocrit fell from an initial value of 43 to a low of 33 in 6 days, and his red cell volume, calculated from Fe“ activi- 
ties, diminished by 700 mi. As recovery occurred, radioactivity levels of both isotopes fell, the hematocrit rose, 
and red cell volume rose to nearly pre-transfusion level. 


collaborators. Because all workers used a com- 
mon technic, differences in method were reduced 
to a minimum, and results obtained have been 
truly comparable. 

CONCLUSIONS 

(J) A method of measuring the post-transfu- 
sion survival of preserved stored human erj-thro- 
cytes by means of 2 radioactive isotopes of iron 
is described. 

(2) The method is specific in that only intact 
circulating cells containing radioactive iron bound 
in the hemoglobin molecule are detected. 

(S) The detennination of the recipient’s pre- 
transfusion circulating red cell volume by means of 


fresh group O cells tagged with Fe^® permits of 
accurate calculation of recipient post-transfusion 
red cell radioactivity level corresponding to 100 
per cent retention of transfused stored cells tagged 
with Fe“. This is important in the study of de- 
teriorated bloods in which red cells may be with- 
drawn from circulation in the interval between 
starting the transfusion and obtaining the first 
post-transfusion blood sample. 

(*/) The extent to which iron derived from non- 
viable transfused stored cells is re-utilized in the 
si'nthesis of new hemoglobin can be measured. 

(5) The destruction of the homologous cells of 
patients of group A and B by high anti-,A or anti- 
B titre donor bloods of group O is discussed. 



714 


J. GIBSON, 2nd, J. AUB, R. EVANS, W. PEACOCK, J. IRVINE, JR., AND T. SACK 


BIBLIOGRAPHY 

1. Mollison, P. L., and Young, I. M., Failure of i;i vitro 

tests as a guide to the value of stored blood. Brit. 
M. J., 1941, 2, 797. 

2. Gibson, J. G., 2nd, and Evans, W. A., Jr., Clinical 

studies of the blood volume. II. The relation of 
plasma and total blood volume to venous pressure, 
blood velocity rate, physical measurements, age 
and sex in ninety normal humans. J. Clin. Invest., 
1937, 16, 317. 

3. Ebert, R. V., Stead, E. A., Jr., and Gibson, J. G., 2nd, 

Response of normal subjects to acute blood loss. 
With special reference to the mechanism of restora- 
tion of blood volume. Arch. Int. Med., 1941, 68, 
578. 

4. Hahn, P. F., Ross, J. F., Bale, W. F., Balfour, W. M., 

and Whipple, G. H., Red cell and plasma volumes 
(circulating and total) as determined by radio-iron 
and by dye. J. Exper. Med., 1942, 75, 221. 

5. Gibson, J. G., 2nd, Seligman, A. M., Peacock, W. C., 

Aub, J. C., Fine, J., and Evans, R. D., The distri- 
bution of red cells and plasma in large and minute 
vessels of the normal dog, determined by radioac- 
tive isotopes of iron and iodine, J. Clin. Invest, 
1946, 25, 848. 

6. Ebert, R. V., and Stead, E. A., Jr., Demonstration 

that the cell plasma ratio of blood contained in 
minute vessels is lower than that of venous blood. 
J. Clin. Invest, 1941, 20, 317. 

7. Gibson, J. G., 2nd, and (by invitation) Seligman, A. 

M., and Peacock, W. C., The capillary circulation 
of the normal dog. J. Clin. Invest., 1944, 23, 940. 

8. Strumia, M. M., Symposium on new trends in surgery ; 

the fate of transfused refrigerated blood and the 
problem of blood banks. S. Clin. North America, 
1942, 22, 1693. 

9. Gilligan, D. R., Altschule, M. D., and Katersky, E. 

M., Studies of hemoglobinemia and hemoglobinuria 
produced in man by intravenous injection of hemo- 
globin solutions, J. Clin. Invest., 1941, 20, 177. 


10. Ashby, W., Determination of length of life of trans- 

fused blood corpuscles in man. J.- Exper. Med., 
1919, 29, 267. 

11. Wearn, J. T., Warren, S., and Ames, O., Length of 

life of transfused erythrocytes. Arch. Int. Med., 
1922, 29, 527. 

12. Mollison, P. L., and Young, I. M., On the survival of 

the transfused erythrocytes of stored blood. Quart. 
J. Exper. Physiol., 1941, 30, 313. 

13. Maizels, M., and Paterson, J. FI., Survival of stored 

blood after transfusion. Lancet, 1940, 2, 417. 

14. Denstedt, O. F., Osborne, D. E., Stansficld, H., and 

Rochlin, I., The survival of preserved red cells 
after transfusion. Anesthesiology, 1944, 5, 237. 

15. Thalhimer, W., and Taylor, E. S., The transfusion of 

centrifuged type O cells resuspended and stored in 
10 per cent corn syrup. J. A. M. A., 1945, 127, 
1096. 

16. Ross, J. F., and Chapin, M. A., Effect of storage of 

citrated blood on the survival of transfused eryth- 
rocytes. J. A. M. A., 1943, 123, 827. 

17. Peacock, W. C., Evans, R. D., Irvine, J. W., Jr., 

Good, W. M., Kip, A. F., Weiss, S., and Gibson, 
J. G., 2nd, The use of two radioactive isotopes of 
iron in tracer studies of erythrocytes. J. Clin. In- 
vest., 1946, 25, 605. 

18. Gibson, J. G., 2nd, Weiss, S., Evans, R. D., Peacock, W. 

C., Irvine, J. W., Jr., Good, W. M., and Kip, A. F., 
The measurement of the circulating red cell volume 
by means of two radioactive isotopes of iron. J. 
Clin. Invest., 1946, 25, 616. 

19. Hawkins, W. B., and Whiple, G. H., The life cycle of 

the red blood cell in the dog. Am. J. Physiol., 
1938, 122, 418. 

20. Shemin, D., and Rittenberg, D., Studies on the forma- 

tion of heme and on the average life time of the 
human red cell. Federation Proceedings, 1946, 
Vol. 5, Part II, p. 153. 

21. Denstedt,. O. F., Changes in blood during storage. 

Canad. M. A. J., 1942, 46, 188. 
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SUSPENSION, AFTER REMOVAL OF PLASMA, BY 
MEANS OF TWO ISOTOPES OF RADIO- 
ACTIVE IRON" 
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SACK, AND WENDELL C. PEACOCK 

(From the Radwaclivit;^' Center, Massachusetts Institute of Technology, Cambridge, Massa- 
chusetts; the Medical Clinic of the Peter Bent Brigham and Massachusetts General 
Hospitals; and the Department of Medicine, Harvard Medical School, 

Boston, Massachusetts) 

(Received for publication August 31, 1946) 


The modern era of blood transfusions was 
ushered in by the discovery of human red cell 
groups by Shattock (1) in 19(K) and Landsteiner 
(2) in 1901. Grouping was later systematized by 
Jansky (3) and Moss (4). In the course of a 
few years the paraffined tube method of Kimpton- 
Brown (5), the multiple syringe technic of Linde- 
man (6) and the 4-way stopcock apparatus of 
Unger (7) came into general use in hospitals for 
direct transfusions. Ail of these methods required 
speed in transferring blood from donor to recipi- 
ent because of the dangers of clotting. 

Agote (8) and Lewisohn (9) introduced sodium 
citrate as an anticoagulant. This avoided the 
hazards of clotting in the interval between drawing 
and administering blood and yet permitted the ob- 
serv'ance of aseptic precautions. The procedure 
was much simpler than the direct methods which 
required surgical teams and operating room 
technic. 

The citrate method came into favor very slowly. 
Early apparatus described by Hoffman (10) and 
Brines (11) involved suction for collecting and 
positive air pressure for injecting. Reactions were 
common. A review of transfusion procedure by 
Herr as late as 1925 (12) indicated that the direct 
was still preferred to the citrate method. 

The first successful preserv'ation of human whole 
blood was accomplished in 1916 by Rous and 
Turner (13) by the addition of dextrose to a 
sodium citrate anticoagulant. This solution was 

I The work described in this paper was done under a 
contract, recommended by the Committee on Jiledical Re- 
search, between the Office of Scientific Research and De- 
velopment and the Massachusetts Institute of Technology, 
in collaboration with the Peter Bent Brigham Hospital 
and the Massachusetts General Hospital. 


used to a limited extent in World War I by 
Robertson ( 14) . Since the ratio of diluent to cells 
was high, and the amount of citrate large, the 
supernatant fluid was removed and the cells given 
in suspension in Locke’s solution. This procedure 
was complicated and laborious and did not come 
into general use. 

A survey of transfusion practice in common use 
up to 1938 was made by Levine (15). Sodium ci- 
trate was the most widely used anticoagulant and 
blood was discarded after from 5 to 7 days. Little 
if any use was made of blood preservatives. 

There is now little doubt that many reactions at- 
tributed to citrate may have been due to pyrogenic 
contamination of solutions or apparatus. Weeh- 
selmann (16) reported febrile reactions following 
intravenous therapy in 1911, and Seibert in 1923 

(17) showed them to be of bacterial origin. Banks 

(18) demonstrated that pyrogens could be de- 
stroyed by autoclaving. Removal of pyrogens by 
Seitz filtration was reported by Co Tui (19), and 
by adsorption on charcoal b}' Lees (20). The 
control of pyrogens by simple procedures made 
possible the development of methods for preparing 
safe intravenous solutions (21) and blood trans- 
fusion apparatus (22). 

Further knowledge of blood groups (23) tended 
to reduce reaction rates. The discoverj- of the 
significance of the Rh factor by Landsteiner and 
Wiener (24) explained many untoward trans- 
fusion effects. 

The advent of economical mechanical refriger- 
tors opened the way for the establishment of blood 
banks, the first of which, in the U. S. A., was 
established in 1937 by Fantus (25) ; others fol- 
lowed promptly (26, 27). 
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Interest in better blood preservation was awak- 
ened by rumors of World War II and greatly ac- 
celerated by the actual advent of hostilities in 1939. 

De Gowin and his associates modified the origi- 
nal Rous-Turner solution and studied rates of he- 
molysis (28), potassium diffusion (29), fragility 
changes (30), and the effect of temperature (31). 
They made a clinical study of reactions (32) but 
did not study post-transfusion survival. 

Since then numerous reports on survival as 
measured by the Ashby agglutination technic (33) 
have appeared in the literature. Wiener and 
Schaefer (34) concluded that citrated blood sur- 
vived poorly after 7 days of storage. Preservation 
for as long as 18 days was obtained with dextrose- 
saline-citrate solution studied by Mollison and 
Young (35) . These solutions were difficult to pre- 
pare since the dextrose caramelized during auto- 
claving. This was overcome by acidifying the 
solution with citric acid. In spite of the very low 
pH, cell preservation was improved (36). 

While the beneficial effect of added dextrose 
was recognized, the necessary facts upon which to 
base a military overseas blood program were, in the 
main, not widely known in 1940. The rate at which 
cells deteriorated during storage even in the best 
solutions had not been satisfactorily determined. 
The rate at which these deteriorated cells broke 
down in the recipient was not known, and the de- 
gree of hemoglobinemia to be expected to follow 
a transfusion of blood of a given age was a matter 
of conjecture. The ability of the individual to 
handle large amounts of plasma hemoglobin was an 
uncertainty, although the association of hemoglo- 
binuria and renal dathage was recognized. There 
was little knowledge of the degree of normal func- 
tional activity retained by those ceils not rapidly 
eliminated after transfusion, nor was it known to 
what extent the blood-building substance of the 
destroyed cells would be utilized. 

The effect on preservation of mechanical agita- 
tion incident to transportation on survival of cells 
was unknown although De Gowin (37) had shown 
that spontaneous hemolysis was not increased by 
shipment by automobile or airplane under re- 
frigeration. Refrigeration was considered neces- 
sary, but optimal storage temperatures had not 
been determined. 

Qianges in the chemical behavior of the cell 
during storage in varying concentrations of ci- 


trate, saline, and dextrose, at varying hydrogen 
ion concentrations and temperatures, had not been 
systematically studied, nor had the effect of these 
variables on the cell membrane l)ccn observed. 
Various in vitro tests had been applied but there 
was general disagreement as to whether observed 
in vitro behavior bore any relation to the extent to 
which these changes were reversible when the cell 
was returned to the blood stream. 

In short, the degree to which cells would remain 
viable in any solution for a given time, under given 
conditions of transportation and refrigeration, was 
unknown. And finally, no one could say how bad 
a transfusion a normal, or more important, a seri- 
ously wounded human could withstand. There- 
fore, the standards of acceptable transfusion of 
stored blood, or the maximum safe ]x:riod of 
storage, could not be defined. 

The purpose of the study reported in this and 
subsequent papers was to investigate the many 
solutions recommended as preservatives for human 
erythrocytes, both as whole blood and in resuspen- 
sion after aspiration of plasma, to ascertain : 

(7) The percentage of survival of red cells, both 
as whole blood and in resuspension, after re- 
frigerated storage for varying periods ; 

(2) The rate at which non-viable stored cells 
are removed from the blood stream and the extent 
of re-utilization of iron contained in those cells; 

(J) The effect on survival of depot storage at 
temperatures ranging from - 4° to -h 40° C. : and 
of transportation by land, sea, and air, with and 
without controlled refrigeration. 


MKTHOnS 


The method used in these studies for measuring (Lst- 
transfusion survival of stored cells by means of 2 r Ldio- 
active isotopes of iron has been described in pre ifous 
communications (38, 39, 40). Donor red cells are tf, [eged 
by the intravenous administration of radioactiveU /ron 
(Fe“). Since the radioactive iron atoms are fj^rmly 
bound in the hemoglobin molecule, the presence of ^]QXjor 
cells in the recipient’s blood stream may be deteebs^] as 
long as the cell remains intact and in circulation. ' xije 
techniques developed afford high accuracy of measure- 
ment. The re-utilization of radio-iron from destroyed 
ceils in new circulating red cells can also be meaijured. 
Both the percentage of survival and the rate at which 
deteriorated cells leave the blood stream in the immediate 
post-transfusion period can be accurately measured, and 
hence the method offers a basis for the comparison of 
preservative solutions. 
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Recipient pre-transfusion red cell volume was directly 
measured by transfusion of fresh red cells tagged with Fe“* 
(39), or by the dye method (41). The radioactive blood 
used was drawn from the donors into ACD~1 from 1 to 48 
hours before it was injected, and was refrigerated from 
the time of the bleeding to shortly before administration. 
Whole blood containing 25 to 100 ml. of cells (by hemato- 
crit) was aspirated from the collecting bottle with a cali- 
brated syringe and infused directly therefrom. A sample 
for radioactivity measurement was taken just before ad- 
ministration. The procedure was carried out within a ferv 
hours of the receipt of the main transfusion of stored 
cells. 

Experimenial iubjccis - 

With few exceptions, as noted, all donors and recipients 
were young male volunteers 18 to 25 years of age. Only 
donors with negative Wassermann reactions and no his- 
tory of malaria, jaundice, or other recent infectious dis- 
ease were used. Donors were of Group O and A, and 
recipients were of all groups. All recipients and most 
donors were Rh positive. Donors whose bloods were to 
be preserved were built up with Fe“; those whose cells 
were used for recipient red cell volume determinations, 
with Fe”. 

The level of radioactivity induced in individual donors 
was governed to a great extent by the type of experiments 
for which their blood was to be used. Thus, if small blood 
aliquots were to be given, the donor levels were higher, 
proportionately, than if half or full transfusions were 
given. Iron dosage was estimated from the nomograms 
shown in a previous communication (39), so as to yield 
a minimum of 250 c.p.m, per ml. of recipient’s blood. 
Booster doses were required to maintain adequate levels 
in donors receiving Fe“ (47-day half life). 

Many donors were bled repeatedly, but at not less than 
8'week intervals. Donors prepared \sdth Fe“ (half-life 
5 years) maintained the radioactivity red cell level re- 
sulting from the initial series of injections for long pe- 
riods. 

Blood colleclion 

Blood was collected either by gravity or in vacuum 
bottles. During everj- bleeding, the collecting bottle was 
gently and continuously agitated. A small sample “pilot 
tube” of clotted donor blood was obtained at the time of 
bleeding for cross-matching, checking of blood group, and 
serologic testing. 

Recipients were of all 4 blood groups, but all were Rh 
positive. Typings were twice checked. In all transfusions 
of group A blood and in many group O bloods, donor cells 
w-erc Cross-matched with the recipient’s serum. When 
small transfusions were given no preliminary bleeding 
was done; when the transfusions were large (over 75 ml. 
of cells) the recipients were usually prc-bled an amount 
of \vhole blood at least equal to the quantity they were to 
receive. Ea ch recipient was used for only 1 transfusion. 

= Students enrolled in Army A.S.T.P. and Navj- V-12 
programs and civilian students at Harvard Medical School. 


Gravity method 

Blood frohi donors whose cells were tagged with Fe“ 
was collected into 500-mI. Fenwal blood bottles contain- 
ing the anti-coagulant solution. Blood from donors, used 
for red cell volume measurements, whose cells were 
tagged with Fe”, was collected into 300-ml. Femval blood 
bottles containing ACD~1 solution. 

Vacuum method 

Commercially prepared, evacuated bottles of 600 ml. or 
l,000-ml. capacity containing sterile, pyrogen-free anti- 
coagulant, were used.® The collecting bottle was inverted 
during the bleeding so that the blood was drawn up 
through the anticoagulant solution, and the rate of flow 
was regulated by means of a screw damp on the rubber 
tube, keeping it slow enough to reduce foaming to a 
minimum. 

Subdivision 

When aliquots of whole blood from one donor were 
given to several recipients the subdivision was made 
shortly after bleeding, portions being transferred from the 
collecting to smaller storage bottles by gentle suction. 
Subdivision of all resuspensions was done in like manner, 
after thorough mixing of ceils and diluent. In a few in- 
stances multiple aliquots were obtained by bleeding a 
single donor into several collecting bottles (4 and 6 in 
Table I). 

Restispension oj erythrocytes 

In all red cell resuspension experiments the blood was 
collected by gravity into SOO-ml. Fenwal bottles. The 
period between bleeding and centrifugation s-arted from 1 
to 26 hours. Centrifugation was carried out in the collect- 
ing bottle in an unrefrigerated International Model F, 
centrifuge for 35 minutes at 1,800 to 2,000 r.p.m., and 
the plasma was removed by suction immediately after 
centrifugation. In some instances most of the “buffy 
coat” was removed with the plasma. The resuspension 
solution was added to the packed cells from )4 to 27 
hours after plasma aspiration. During all these time in- 
tervals, except during centrifugation, the blood or packed 
cells were refrigerated. Resuspension solutions were usu- 
ally chilled before being added to cold packed cells. 

All these procedures were carried out in an essentially 
dust-free room, on a porcelain-topped table, under ultra- 
violet radiation. 

Slorapc 

MTiolc blood and cell resuspensions were stored at 4 to 
6” C. The constancy of the refrigerator temperature 
range was carefully checked by means of a recording 
thermometer. Except when briefly removed for cultur- 
ing, they remained undisturbed until transfused. 

Bactcriologic control 

Four to 5 days before transfusion. 10 ml. of the svliole 
blood or cell resuspension were aseptically aspirated 

' Prepared by Baxter I-aboratories, Glenview, Illinoi'. 



Composition of solutions used for preservation of whole blood and for resuspension of packed red cells 
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from the storage bottle. Of this, 2 ml. were inoculated 
into each of 2 tubes of thioglycolate broth (for both 
aerobes and anaerobes) , and 3 tubes of tryptose phosphate 
broth (for aerobes). One tube of thioglycolate and one 
of tryptose broth were incubated at 37° C. in air, one of 
each at room temperature in air, and the third tryptose 
tube in 10 per cent COs at 37° C. After 2 to 3 days they 
were subcultured to similar media and to blood agar plates, 
and maintained at both body and room temperatures. 
Examination by smearing and gram staining was done 
at from 2 to 5 days of incubation. 

Transfusion of stored blood' 

In all experiments, the storage bottle was removed from 
the refrigerator % to 3 hours before the transfusion and 
thoroughly mixed by gentle rotation. 

(1) OPEx BUEETTE METHOD. All of the blood but 10 or 
15 ml. was decanted through 4 layers of cotton gauze into 
a graduated 300-ml. salrarsan burette, the delivery tube 
of which had previously been filled with sterile physiologic 
saline. The 10 or 15 ml. remaining in the storage bottle 
was used as a representative aliquot for radioactivity 
measurements and in vitro tests. 

(2) TRANSFUSION FROM STORAGE BOTTLE. After Stand- 
ard Army expendable recipient sets ■* became available, 
all transfusions were given directly from the storage 
bottle. These sets, which were designed for use with the 
standard vacuum bottle, were easilj^. JJapted for use with 
Fenwal bottles by means of a short length of rubber tubing 
and a glass vent tube. A representative aliquot of filtered 
blood for radioactivity and in vitro determinations was 
obtained directly from the delivery tube just prior to the 
transfusion. The volume administered was determined 
by water calibration of the collecting bottle. 

Radioactivity sampling 

TECHNIC. Fifteen ml. recipient blood samples for 
radioactivity analj-sis were taken, with a minimum of 
stasis, into round bottomed graduated 15-ml. hematocrit 
tubes, using heparin as an anticoagulant. These were 
spun, stoppered, at 300 r.p.m. for 30 minutes. 

SAMPLING SCHEDULES. The recipient samples following 
transfusion were analyzed for radioactivity of both iso- 
topes of iron. On the day of the tansfusion, samples were 
obtained 20 minutes, 1' to 1^ hours, and about 4 hours 
after the transfusion. On the day following the trans- 
fusion 2 recipient samples were drawn, several hours 
apart. In the earlier experiments sampling was carried 
out to the eighteenth and in some instances to the thir- 
tieth post-transfusion day, a single daily sample being 
taken for 5 or 6 days after transfusion, followed by tri- 
weekly samples. In the later experiments, two samples 
were obtained on the first and second post-transfusion 
day, and single daily samples for the next three days, for 
a total sampling period of six days. 


Supplied by Walter Reed Hospital and American Red 
Cross Blood Donor Service. 


Experiments on whole blood anticoagulant-preservatives 

The following solutions, the compositions of which are 
given in Table I, have been studied. (J) Four per cent 
sodium citrate; (2) McGill solution, developed and stud- 
ied by Denstedt (42) ; (3) a modification of the original 
Rous-Tumer solution reported on by De Gowin (43) ; 
(4) Alsever’s citrate-saline-dextrose solution (27) ; (5) 
a phosphate-buffered citrate-dextrose solution recom- 
mended by Parpart (44) ; (6) “ACD-1,” and (7) 
ACD-G, modifications of the Loutit-Mollison acid-citrate- 
dextrose solution studied by Rapoport (45) ; (3, 9) 2 
citrate-dextrose solutions routinely supplied to the Euro- 
pean Theatre of Operations (Mediterranean Theatre), 
and (JO, IT) 2 acidified inodifications of the E. T. O. 
solutions. 

In the following description of procedures, “blood” al- 
ways means blood drawn from a donor previously pre- 
pared with radioactive iron (Fe“). Each blood, or blood 
aliquot, was transfused into an individual w’ho had never 
before received radioactive iron in any form. All bloods, 
or aliquots, were stored at 4 to 6° C. 

(1) SODIUM CITR.ATE. OPEN BUPETTE METHOD 

Experiment Nos. A, B, C, D. Five hundred ml. of 
blood were taken into 50 ml. of 4 per cent sodium citrate 
at room temperature from each of 2 donors. One subject 
received % of the blood from the first donor the day it 
was drawn, and the remainder after storage for 7 days. 
The blood from the second donor was stored for 7 days, 
when it was divided into 2 equal portions and transfused. 
All bloods were prefiltered just prior to administration. 
The recipients were bled amounts equal to the quantitj' 
of citrated blood given just prior to transfusion. 

Experiments Nos. 22 through 24. Three hundred ml. of 
blood were drawn into 30 ml. of 4 per cent sodium citrate 
from a donor who had received both isotopes of iron. The 
donor had received his first injection of Fe“ 121 days, 
and of Fe” 24 days prior to bleeding; thus all Fe“ tagged 
cells were young cells. Three aliquots of about 100 ml. 
each were transfused after storage for 1, 5, and 8 days. 

(2) MCGILL SOLUTION. OPEN BUEETTE METHOD 

Experiments Nos. 1 through 5. The 3 components of 
the solution were sterilized separately and mixed asepti- 
cally just prior to taking the blood. Five hundred fiftj' 
ml. of blood were taken at room temperature into 275 ml. 
of the solution in a Fenwal 1-litre flask, and the total 
was divided into 5 equal portions. The aliquots were 
transfused into 5 individuals after storage for 0, 10, 14, 
21, and 29 days. 

(3) DE GOWTN's SOLUTION. OPEN BURETTE METHOD 

Experiments Nos. 18 through 21. The sodium citrate 
and dextrose solutions were autoclaved separately and 
mixed just prior to the taking of blood. Three hundred 
ml. of blood were drawn into 450 ml. of the solution in 
a Fenwal 1-litre flask. The entire bleeding v.-as then di- 
vided into 4 approximately equal aliquots. The collection 
and subdivision of blood were carried out at a tempera- 
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ture not over 6“ C. The aliquots were transfused after 
storage for 0, 13, 23, and 36 days. 

(4) alsever’s solution, open burette method 

Experiments Nos. 51, 53, 55. Five hundred ml. of blood 
were drawn into 500 ml. of Alsever’s solution, pH 6.8, in 
a 1,000-ml. vacuum bottle, and subdivided by gravity into 
5 aliquots of about 200 ml. each. Three of these were 
stored in individual bottles and transfused at 4, 12, and 21 
days after drawing. The 2 otlier aliquots (Experiments 
Nos. 52 and 54) were used for refrigeration studies, to be 
reported elsewhere. 

(5) WHOLE BLOOD IN BUFFERED CTTR.\TE-DE.\TROSE, PH 7.1 
(pARPART). open BURETTE METHOD 

E.vperhncnts Nos. 25 through 27. The citrate and de.x- 
trose were autoclaved dry and the phospliate buffer in 
aqueous solution, in separate containers. Tliree hundred 
ml. of blood were drawn by gravity into the dry citrate in 
a standard collecting bottle. The dextrose was dissolved 
by adding 130 ml. of the buffer and the dextrose-buffer 
was then added to the whole blood. After thorough mix- 
ing, the entire bleeding was divided into 3 approximately 
equal aliquots. The taking and subdividing of the blood 
was carried out at room temperature. Hemolysis of tbe 
supernatant plasma was observed on the day after the 
blood was taken but apparently did not increase on stor- 
age. The aliquots were transfused after storage for 0, 14, 
and 27 days. 

(6) ACID-CITR.\TE-DEXTROSE (aCD-I). OPEN BURETTE 
METHOD 

Experiments Nos. 10 through 13. All 3 components of 
the solution were dissolved together and autoclaved in a 
Fenwal blood collecting bottle. Three hundred ml. of 
blood were drawn by gravity into 75 ml. of the solution, 
and the total amount was divided into 4 approximately 
equal aliquots. The collection and subdivision were car- 
ried out at not over 10° C. The aliquots were transfused 
after storage for 2, 11, 20, and 39 days. 

Experiments Nos. 32 through 34. The donor from 
whom this blood was drawn received the first injection of 
Fe“ 133 days and his first injection of Fe“ 16 days prior 
to bleeding. Five hundred ml. of blood were collected 
into 125 ml. of ACD-1 at room temperature, and divided 
into 4 approximately equal aliquots, 3 of which were 
transfused after IS, 29, and 41 days of storage. The 
fourth aliquot, stored 61 days, was not transfused and be- 
came hemolyzed. 

(7) ACID-CITRATE-DEXTUOSE (ACD'G). STORAGE BOTTLE 
METHOD 

Experiments Nos. 159, 161, 163. Five hundred ml. of 
blood from each of 3 donors were drawn into 75 ml. of the 
chilled solution, and, after mixing, each blood was divided 
into 2 aliquots. One aliquot from each donor was stored 
as whole blood, the other as packed cells (see Experi- 
ments Nos. 160, 162, 164). The whole blood aliquots 
were transfused at 6, 15, and 22 days after drawing. 


Experiments Nos. 165, 167, 16)9. h'ivc hundred ml. of 
blood were drawn from cacii of 3 donors into 75 ml. of 
llic chilled solution, thoroughly mixed, stored at 4° C., 
and transfused at 12, 19, and 27 days after transfusion. 
Tlie recipient of the 19-day-oId blood was bled 500 ml. 
prior to transfusion : the other recipients were not bled. 

(4 AND 6) COMPARISON OF ACD-l AND AI.SEVEU'.S .SOLUTION 
pH 6.8. .STORAGE BOTTLE .METHOD 

Experiments Nos. 56, 58, 60 (.-iCD-l); 57, 59, 61 
(Alscvcr's) . The ACD-1 solution was prepared in our 
laboratories; and sterilized in tlic collecting bottles. The 
Al.scvcr's solution was received from W'altcr Reed Hos- 
pital,'' transferred to the collecting bottles, and then rc- 
stcrilizcd. Si.x hundred ml. of bloofl were drawn by 
gravity from 1 donor ; 100 ml. into each of three 200-ml. 
bottles containing 25 ml. of ACD-1, and 100 ml. into 
each of 3 bottles containing 100 ml. of Alsever's solution. 
These aliquots of blood in each solution were transfused 
after storage for 11, 15, and 21 days. 

MODIFICATION OF CITRATE AND CITRATE-DEXTROSE SOLUTIONS 
USED IN E.T.O. STORAGE BOTTLE METHOD 

At the time these experiments were undertaken, 2 ci- 
trate solutions were in routine use in E.T.O. (Mediter- 
ranean Theatre) for the collecting of 500 ml. of blood; {1) 
50 ml. of 4 per cent sodium citrate, and (2) 70 ml. of 2.5 
per cent sodium citrate in 0.85 per cent sodium chloride. 
It was the practice in E.T.O. to add 30 to 40 ml. of 5 
per cent dextrose in isotonic saline to the bottles, after 
500 ml. of blood had been drawn into them. The solu- 
tions used in our experiments were commercially prepared 
in vacuum bottles. All recipients were bled 500 ml. within 
72 hours prior to transfusion. 

(8) E.T.O. CITRATE-DEXTROSE. Experiments Nos. 101, 103, 
113 

(9) E.T.O. ciTR.vTE-SAi.iNE-DEXTROSE. E.rperimcuts Nos. 
102, 104. 114 

Five hundred ml. of blood were drawn by vacuum from 
each of 6 donors ; each of 3 bleedings into 50 ml. of 4 per 
cent sodium citrate; and each of 3 bleedings into 70 ml. 
of 2.5 per cent sodium citrate in saline. Thirty ml. of 5 
per cent dextrose in 0.85 per cent sodium chloride solu- 
tion were then added with a syringe to each bottle. The 
bloods in the citrate-de.xtrose solution were transfused 
after 4, 9, and 14 days, and those in the citrate-saline- 
dextrose solution after 4, 9, and 14 days of storage. The 
9-day-old blood was placed in a water bath at about 45° 
C. for 15 minutes before being transfused. 

(10) E.T.O. MODIFICATION A. Experiments Nos. 95, 97, 99 

(11) E.T.O. MODIFICATION B. Experiments Nos. 96, 9S, 
100 

Two modifications of the above routine technic were 
tested. A stock solution of acidified dextrose-saline was 
prepared, having the following composition; 

“Through the courtesy of Captain John Reichel, M.C. 
A.U.S. 
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Grams ptr 100 ml. 


Dextrose anh}'drous 5.0 

NaCl 0.85 

1 N HCl 1.0 ml. 


This solution had a pH of 4.7, and was autoclaved with- 
out caramelization. It was prepared by adding 10 ml. of 
1 N hydrochloric acid to 1 litre of the saline dextrose solu- 
tion in a vacuum bottle. 


Modification A. Seventy ml. of the stock solution were 
added by vacuum to SO ml. of 4 per cent sodium citrate in 
the original bottle, with sterile precautions. 

Modification B. Fifty ml. of the stock solution were 
added by vacuum to the 70 ml. of 2.5 per cent sodium ci- 
trate in 0.85 per cent sodium chloride in the original 
bottle, with sterile precautions. 

Three full bleedings were taken by vacuum from indi- 
vidual donors into Modification A, and 3 into Modifica- 


POST-TRANSFUSION SURVIVAL OF HUMAN ERYTHROCYTES 
STORED AS V;H0LE BLOOD AT .4* C. 



Fig. 1. Post-Traxsfusiox Survival or Human Erythrocytes Stored as Whole Blood at 4° C. 

In Figures 1, 2 and 3, the solid line represents the normal death rate of live red cells in circulation, approximating 
one per cent per day. The “zone of safe transfusion” within which 70 per cent or more of the transfused cells arc 
viable is indicated by the broken line rectangle. 

Symbols refer to the following solutions : 

X = Sodium citrate 

O = Dc Gowin’s solution 

O = Parpart’s solution 

® = McGill solution 

© = Alscvcr’s solution 

■ = ACD-1 

n = ACD-G 

li = E.T.O. citrate 

E = E.T.O. citrate-saline 

^ — E.T.O. Modification A 

A — E.T.O. Modification B 
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TAREE II 


Post-lraiisfmion survival of human erythrocytes drawn as whole blood and stored at 4° C. 
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tion B. After the addition of the stock solution, it was 
still possible to draw about 480 ml. of blood into the bottle 
without re-evacuation. The bloods in Modification A were 
transfused after 6, 13, and 20 days of storage, and those 
in Modification B after 7, 14, and 21 days of storage. 

The post-transfusion survival of erythrocytes, preserved 
as whole blood as described above, is given in Table III 
and Figure 1. 

Experiments on preservative solutions for resuspending 
red cells after removal of plasma 

The composition of the resuspension fluids studied is 
given in Table I. Except as noted, all red cell resuspen- 
sions were from whole blood dra^vn by gravitj’ into 4 
per cent sodium citrate at a 10 to 1 ratio. Bottles were 
centrifuged at 1,900 r.p.m. for 30 minutes. The quantity 
of resuspension fluid added to the packed red cells was ap- 
proximately equal to the amount of plasma removed, ex- 
cept in the case of the modified acid citrate (Washington 
Conference — Experiments Nos. 120 through 123). 

Two types of fluids were used : (J) solutions of elec- 
trolytes with and without dextrose, and (2) electrolyte- 
dextrose solutions to which human serum protein frac- 
tions had been added. All donors were blood group O. 

Electrolyte solutions 

(12) ISOTONIC (0.85 PER cent) sodium chloride, open 

BURETTE METHOD 

Experiments Nos. 6 through 8. Five hundred ml. of 
citrated blood were centrifuged, and the cells were resus- 
pended in 0.83 per cent sodium chloride, within 2 hours of 
the time of collection. All procedures were carried out 
at room temperature. This cell resuspension was divided 
into 3 equal portions and transfused after 0, 3, and 10 days’ 
storage. 

(13) TEN PER CENT CORN SYRUP. OPEN BURETTE METHOD 

Experiments Nos. 14 through 17. The com symp used 
was supplied by Dr. Thalhimer® (46). Three hundred 
fifty ml. of whole blood were drawn into 35 ml. of 3.2 
per cent sodium citrate and centrifuged in a refrigerated 
centrifuge. The plasma was removed, and an equal 
volume of com syrup was added to the cells, within 2 
hours of the time of blood collection. The entire proce- 
dure was carried out at not over 10° C. After thorough 
mixing, the cell resuspension was divided into 4 equal ali- 
quots, and these were transfused after storage at 4° C. 
for 0, 5, 12, and 21 days. 


® The composition is said to be as follows : 

Grams per 
.100 ml. 


Dextrose 17.7 

Maltose 16.8 

Higher su^rs . . : 16.2 

Dextrins 29.6 

Moisture I97 

The pH of this solution is 4.6 


STORAGE BOTTLE METHOD 

Experiments Nos. 140 through 147. A more extensive 
series of experiments was conducted in collaboration with 
Dr. Thalhimer and Lt H. Blake, M.C., U.S.N.R. Full 
bleedings were taken by gravity from each of 8 donors, 
the plasma was removed, and the cells were resuspended 
in chilled 10 per cent corn syrup within 24 hours of col- 
lection. The bottles were shipped in a portable refriger- 
ator by tmek to New York City. They were stored in 
the refrigerator of the New York Red Cross Blood Donor 
Center. These cell resuspensions were transfused into 
selected patients on the wards of the New York Hos- 
pital at 9, 11, 12, 13, 14, 15, 18, and 20 days after draw- 
ing. 

(14) PHOSPHATE-BUFFERED CITRATE-DEXTROSE SOLUTION, 
PH 6.8 (hughes). OPEN BURETTE METHOD 

Experiments Nos. 28 through 31. The red cells from 320 
ml. of whole citrated blood were resuspended, at room 
temperature, at about 20 hours after the blood was drawn. 
After thorough mixing, the entire cell resuspension was 
divided into 4 approximately equal aliquots, which were 
transfused after storage for 2, 6, 11, and 20 days. 

(15) PHOSPHATE-BUFFERED DEXTROSE SOLUTION. PH 6.0 
(hughes), open burette METHOD 

Experiments Nos. 42 through 45. The donor from 
whom this blood was drawn received the first injection of 
Fe“ 133 days and his last injection of Fe“ 95 days prior 
to the bleeding for this experiment. His first and last 
injections of Fe“ were 16 and 5 days, respectively, prior 
to bleeding. 

Five hundred ml. of blood were collected into 125 ml. 
of ACD-1 at room temperature. This was stored for 
about 40 hours at 4° C., and the cells were then resus- 
pended. This cell resuspension was divided into 4 ap- 
proximately equal aliquots, which were transfused at 3, 
10, 16, and 30 days of storage. 

(16) aTRATE-BUFFERED CITRATE-DEXTROSE SOLUTION, PH 

5.0 (hughes), storage bottle METHOD. (This 
series was for a direct comparison with 10 per cent 
corn symp. Experiments Nos. 140 through 147) 

Experiments Nos. 132 through 139. The red cells from 
eight 500-mI. bleedings were resuspended in the chilled 
solution about 24 hours after collection. The bottles 
were shipped to New York in the same portable refrig- 
erator used for the cells resuspended in 10 per cent com 
symp (Experiments Nos. 140 through 147), and stored 
under identical conditions. These resuspensions were 
transfused into ward patients at the New York Hospital 
after 10, 11, 13, 14, 15 (2), IS, and 20 days after drawing. 

(17) CnRATE-BUFFEPXD CITP_STE-DEXTEOSE SOLUTION, PH 

3.8 (hughes), collectinc bottle method 

Experiments Nos. 89, 91, 93, 105, 107. Three full 
bleedings were taken from each of 3 donors, the cells 
were resuspended in the chilled solution within 24 hours 
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and transfused after 10, 18 and 22 days of storage. One 
full bleeding from a fourth donor was resuspended, mixed, 
and subdivided into 2 aliquots which were transfused 
after 32 and 39 days of storage. 

Experiments Nos. 109 through 112. Five hundred ml. 
of blood, drawn in equal amounts into 2 collecting bottles, 
were taken from 2 donors, and the cells were resuspended 
in the collecting bottles within hours from the time 
of bleeding. The solution was at room temperature. 
Two aliquots from one donor were transfused after 8 
and 21 days, and the aliquots from the other donor after 
15 and 28 days of storage. 

(18 AND 19) MODIFIED ACD (llAPOPOUT C=A, CsA’). OPEN 
BURETTE METHOD 

Experiments Nos. 46 through 49. Five hundred ml. of 
citrated blood from 1 donor were divided into 2 equal 
aliquots. Each of these was in turn divided into 2 equal 
aliquots, centrifuged, and the cells resuspended, 2 in CoA 
and two in CjA^. The aliquots resuspended in were 
transfused after 13 and 20 days, and those resuspended in 
CgA’^ were transfused after 13 and 22 days of storage. 

(20) MODIFIED ACID CITRATE.’ STORAGE BOTTLE METHOD 

Experiments Nos. 120 through 123. Five hundred ml. 
of blood were taken by gravity from 2 donors into sodium 
citrate. The blood from each donor was drawn into 2 
Fenwal collecting bottles, so that each bottle contained 
250 ml. of blood. Within 24 hours from the time of col- 
lection, the cells in each bottle were resuspended in only 
50 ml. of the solution, which was pre-chilled. These re- 
suspensions were transfused after 6, 10, 16, and 21 days 
of storage. The tagged cells in the 6- and 10-day stored 
resuspension were no more than 46 days old, while those 
in the 16- and 21-day stored resuspensions were of mixed 
age, on the day of transfusion. 

(21) BICARBONATE-BUFFERED CITRATE-DEXTROSE, PH 6.5 
(hughes), storage bottle method 

Experiments Nos. 155 through 158. Five hundred ml. 
of whole blood were taken from each of 2 donors into 125 
ml. of ACD-1. About 20 hours after collection, bloods 
were centrifuged and plasma removed in the usual man- 
ner, the packed cells being refrigerated for 4 hours. 
Three hundred ml. of chilled diluent were then added to 
each, by siphonage (to prevent escape of CO 2 ). Each cell 
resuspension was then divided into 2 aliquots, by gentle 
suction. The aliquots were transfused after 6, 13, and 
21 days of storage at 4° C. 

The results of these experiments are summarized in 
Table III and Figure 2. 

(22) PACKED CELLS FROM WHOLE BLOOD IN ACD-1. STORAGE 
BOTTLE METHOD 

Experiments Nos. 115 through 119. Five hundred ml. 
of blood were taken from each of 5 donors into 125 ml. 

" Solution recommended for trial at Conference on Re- 
suspended Blood Cells, of C.M.R., at Washington, D. C., 
5/18/45. 


of cold ACD-1 by gravity. After 24 hours of refrigera- 
tion, the bottles were centrifuged, the plasma removed, 
and the bottles placed in storage. The packed cells were 
transfused after storage for 9, 14, 15, 16, and 21 days. 
The cells stored 15 days (No 115) were transfused as 
packed cells, without the addition of saline. In the other 
4 experiments, 125 ml. of sterile norma! saline were added 
% hour before the blood was transfused. Tiic cells were 
thoroughly mixed with the diluent before administration. 

(23) PACKED CELLS IN ACD-C. COLLECTING BOTTLE 
METHOD 

Experiments Nos. 160, 162, 164. No added diluent. 
Five hundred ml. of blood were taken by gravity from 1 
donor, and subdivided as in E.xpcrimcnts Nos. 159, I6I, 
and 163, [see (7) above]. The collecting bottles were 
centrifuged, the plasma was withdrawn, and the packed 
cells were transfused after 7, 14, and 21 days of storage, 
without the addition of any diluent. 

Experiments Nos. 166, 168, 170. Diluent added at time 
of transfusion. Five hundred ml. of blood were taken 
from each of 3 donors. The collecting bottles were cen- 
trifuged, the plasma was withdrawn, and the packed cells 
were transfused after 12, 19, and 27 days of storage. One 
hundred twenty-five ml. of 0.85 per cent NaQ were added 
just prior to transfusion. 

Experiments Nos. 176 and 175. 0.S6 per eent N'oCl-i- 
0.5 per cent dextrose. Two hundred fifty ml. of blood 
were taken from each of 2 donors. One hundred ml. of 
diluent were added. The resuspensions were transfused 
after storage for 14 and 20 days. Hematocrits were 50.5 
and 56.4. Survival was 95 and 84 per cent. 

Experiments Nos. 171 and 172. 1.0 per cent NaCl. Two 
hundred fifty ml. of blood were taken from each of 2 
donors. One hundred ml. of diluent were added. The re- 
suspensions were transfused after storage for 13 and 21 
days. Hematocrits were 47 and 50. Survival was 100 
and 86 per cent. 

Experiments Nos. 173 and 174. 1.0 per cent NaCl -1- 
0.5 per cent de.rtrose. Two hundred fifty ml. of blood 
were taken from each of 2 donors. One hundred ml. of 
diluent were added. The resuspensions were transfused 
after 14 and 20 days of storage. Hematocrits were 48 in 
both instances. Survival was 100 and 73 per cent. 

Experiments Nos. 178 and 177. 10 per cent corn syrup. 
Two hundred fifty ml. of whole blood were taken from 
each of 2 donors. One hundred ml. of diluent were added. 
The resuspensions were transfused after 14 and 21 days 
of storage. Hematocrits were 53.5 and 64.5. Survival 
was 64 and 81 per cent. 

Experiments Nos. 180 and 181. Stored with diluent 
added. 1.1 per cent NaCl + 0.5 per cent dextrose. Two 
hundred fifty ml. of blood were taken into each of 2 
bottles from the same donor. One hundred ml. of diluent 
were added immediately after removal of plasma. The 
resuspensions were transfused after 12 and 19 days of 
storage. 

Experiments Nos. 182 and 183. Stored with diluent 
added. 0.85 per cent NaCl + 0.5 per cent de.vtrose. Two 
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hundred fifty ml. of blood were taken into each of 2 bottles 
from the same donor. One hundred ml. of diluent were 
added immediately after removal of plasma. The rc- 
suspensions were transfused after 13 and 20 days of 
storage. 

Experiments Nos. 184 and 185. Stored with diluent 
added. 0.6 per cent NaCl. + 0.5 per cent dextrose. Two 


hundred fifty ml. of blood were taken into each of 2 
bottles from the same donor. One iiundrcd ml. of diluent 
were added immediately after removal of plasma. The 
resuspensions were transfused after 13 and 20 days of 
storage. 

Experiments Nos. 186 and 187. Stored with diluent 
added. 0.86 per cent A^aCl + 0.5 per cent dextrose + 0.2 


POST-TRANSFUSION SURVIVAL OF HUMAN ERYTHROCYTES 
STORED AS RESUSPENSIONS IN ELECTROLYTE SOLUTIONS AT 4®C. 



DAYS STORED 

Fig. 2. Post-Transfusion Survival of Human Erythrocytes Stored as Resuspensions 

IN Electrolyte Solutions at 4° C. 

Symbols refer to the following solutions : 

X = Isotonic saline 
® =10 per cent corn syrup 

# = Phosphate-buffered citrate-dextrose (Hughes) pH 6.8 

O = Phosphate-buffered citrate-dextrose (Hughes) pH 6.0 
€) = Citrate-buffered citrate-dextrose (Hughes) pH 5.0 

▲ = Modified ACD (C»A) 

= Modified ACD (C=A’) 
gj = Modified ACD (Washington Conference) 

Ql = Bicarbonate-buffered citrate-dextrose. 

The symbols ■ and □ refer to packed cells in ACD-1 and ACD-G stored without resuspension. 
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TABLE IV 


Post-transfusion survival of human erythrocytes drawn as whole blood in acid-citrate-dextrose and stored at 4° C. 
with and without resuspension after removal of plasma 


Preservative 

solution 

Trans- 

fusion 

no. 

Days 

stored 

Recip. 

blood 

group 

Diluent added 

Quan- 

tity 

added 

Transfused 

volume 

Clots 

Reac- 

tions 

Survival 

Total 

Cells 



1 



ml. 

ml. 

ml. 



Per cent 


Diluent added at time of transfusion 


ACD-l 

(22) 

115 

116 

117 

118 
119 

15 

16 

9 

14 

21 

A 

A 

A 

0 

A 

0.85 per cent NaCl 

0.85 per cent NaCl 

0.85 per cent NaCl 

0.85 per cent NaCl 

0.85 per cent NaCl 

■ 

158 

425 

345 

363 

278 

138 

226 

227 

232 

161 

0 

O- 

6 

-U 

0 

0 

0 

0 

0 

76 

83 

91 

85 

56 


■ 11 

7 

B 

0.85 per cent NaCl 

0 

141 

122 

0 

0 

97 



14 

0 

0.85 per cent NaCl 

0 

138 

119 

-F-F 

0 

94 



21 

0 

0.85 per cent NaCl 

0 

102 

87 

-F-F 

0 

0 

81 


166 

12 

0 

0.85 per cent NaCl 

125 

353 

236 

0 

98 


168 

19 

0 

0.85 per cent NaCl 

125 

368 

242 

+-F 

0 

67 


170 

27 

B 

0.85 per cent NaCl 

125 

335 

197 

-F-F 

0 

46 


171 

13 

0 

1 per cent NaCl 

100 

255 

128 


0 

100 


172 

21 

0 

1 per cent NaCl 

100 

229 

108 

0 

0 

86 

ACD-G 

(23) 

173 

14 

B 

1 per cent NaCl -F 0.5 
per cent dext. 

100 

234 

112 

0 

0 

100 

174 

22 

A 

1 per cent NaCl -F 0.5 
per cent dext. 

100 

215 

103 


0 

73 

! 

176 

14 

B 

0.86 per cent NaCl -F 
0.5 per cent dext. 

100 

222 

T12 

+ 

0 

.95 


175 

20 

0 

0.86 per cent NaCl 

0.5 per cent dext. 

100 

220 

124 

+-h+ 

0 

87 


178 

15 

0 

10 jjer cent com syrup 

100 

204 

128 

j- 

0 

64 


177 

21 

A 

10 per cent com syrup 

100 

220 

135 

-F-F 

0 

81 


Stored with diluent added 



180 

12 

A 

1.1 per cent NaCl -F 
0.5 per cent dext. 

100 

215 

104 

-F-F 

0 

92 


181 

19 

0 

1.1 per cent NaCl -F 
0.5 per cent dext. 

100 

245 

118 

-F-F 

0 

78 


182 

13 

0 

0.85 per cent NaCl -F 
0.5 per cent dext. 

100 

216 

115 

-F-F 

0 

83 

ACD-G 

(23) 

183 

20 

mm 

0.85 per cent NaCl -F 
0.5 per cent dext. 

100 

213 

109 

1 

T 

0 

69 

184 

13 

D 

0.6 per cent NaCl -F 
0.5 per cent dext. 

100 

223 

125 

-F 

0 

71 


185 

20 

0 

i 

0.6 per cent NaCl -F 
0.5 per cent dexL 

100 

236 

130 

-F ' 

0 

64 


186 

14 

A 

0.86 per cent NaCl -F 
0.5 per cent dext. -F 
0.2 per cent citric add 
0.86 per cent NaCl -F 
0.5 jjer cent dext. -j- 
0.2 per cent dtric add 

100 

269 

149 

-F-F-F 

0 

62 


187 

21 

0 

100 

211 

112 

+ 

0 

48 


per cent citric acid. Two hundred fiftj* ml. of blood were 
taken into each of 2 bottles from the same donor. One 
hundred ml. of diluent were added immediately after rc- 
mo\-aI of plasma. The resuspensions were transfused 
after 14 and 21 days of storage. 

The results of experiments on packed cells are summa- 
rized in Table IV and shown in Figures 2 and 4. 


Experiments on electrolyte solutions with added human 
serum protein, jrcclior.s ® 

The albumin used. Fraction V, n-as tlic commercial 
product supplied to the U. S. Navy. The globulins, Frac- 

® The human scrum proteins were obtained through the 
courtesy of Dr. E. J. Cohn. 
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POST-TRANSFUSION SURVIVAL OF HUMAN ERYTHROQYTES 
STORED IN RESUSPENSION IN PROTEIN FORTIFIED SOLUTIONS AT 4'C. 



Fig. 3. Post-Transfusion Survival of Human Erythrocytes Stored in Resuspension in Protein- 

Fortified Solutions at 4° C. 

The symbols refer to the following solutions : 


^ = Human serum albumin added to phosphate-buffered citrate-dextrose at pH 6.8. 

A — Human serum albumin added to phosphate-buffered citrate-dextrose at pH 6.0. 

^ = Human serum globulin (Lot 151) added to citrate-buffered citrate-dextrose, pH 7.0. 

# = Human serum globulin (Lot 301) added to citrate-buffered citrate-dextrose, pH 3.8. 

^ = The globulin-free controls for globulin 301. 


tion IV-3, 4,® were prepared in the pilot plant of the De- 
partment of Physical Chemistry, Harvard Medical School. 
Red cells resuspended in a solution, of the same compo- 
sition as that to which the proteins\vere added, were used 
for control transfusions. 

0 Safety tests on Fraction IV-3, 4\vere carried out by 
Dr. O. Krayer, in animals, and by Dr. C. A. Janeway, in 
humans. 


(24 AND 25) HUMAN SERUM ALBUMIN (FRACTION v) IN 
PHOSPHATE-BUFFERED CITRATE-DEXTROSE SOLUTIONS AT 
PH 6.8 AND 6.0. OPEN BURETTE METHOD 

Experiments Nos. 36, 37 (.6.8), Experiments Nos. 39, 
40 (6.0), and Experiments Nos. 38 and 41 (eontrols). 
With venesection the donor was bled into four 250-ml. 
storage bottles, designated as bottles (a), (b), (c), and 
(d). Bottles (a) and (b) each contained 20 ml. of 4 
per cent sodium citrate solution, and each received 200 ml. 
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of donor blood. Bottles (c) and (d) each contained 10 plasma was removed. To each bottle of packed cells was 
ml. of 4 per cent sodium citrate solution, and each of these added a volume of resuspension solution approximately 
received 100 ml. of the blood. These w-ere stored at 4° C. equal to the volume of plasma withdrawn. Bottle (a) re- 
over night, and then all 4 bottles were centrifuged, and the ceived albumin solution buffered to a pH of 6.8. Bottle 

POST TRANSFUSION SURVIVAL 
OF CENTRIFUGED A CD CELLS 



STORED WITH DILUENT ADDED 



5 lo 15 20 25 30 

DAYS STORED AT A'C. 

Fig. 4. Post-Traxsfusiok Surwal of Centrifuged ACD Cedes 


The addition of a slightly hj'pertonic saline solution just prior to transfusion docs not de- 
crease the %-iability of packed red cells drawn as whole blood in ACD. Storage in these sarr.e 
diluents increases the rate of deterioration. 
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(b) received albumin solution buffered to a pH of 6.0. 
Bottle (c) received albumin-free solution buffered to a pH 
of 6.8, and bottle (d) received albumin-free solution buf- 
ferred to a pH of 6.0. Bottles (a) and (b) were each sub- 
divided into 2 equal aliquots. The entire procedure was 
carried out at room temperature. After 10 days of stor- 
age, an aliquot of cells resuspended in albumin pH 6.8 
and one of cells resuspended in albumin pH 6.0 were 
transfused. After 23 storage days the 2 remaining al- 
bumin-containing aliquots were transfused. The control 
aliquots, that is, cell resuspended in a solution buffered to 
6.8 and 6.0 {no albumin), were both transfused after 24 
days of storage. 

(26) ct AND /9 GLOBULINS (FRACTION IV-3, 4, LOT 151) IN 
ACIDIFIED-CITRATE-DEXTROSE (HUGHES PH 3.8) 

Experiments Nos. 82 through 87. The globulin was 
dissolved in the electrolyte solution, in 2 portions, the 
final concentration of protein being 1.75 and 3.50 grams 
per 100 ml. Five hundred ml. of blood from each of 2 
donors were drawn into 4 per cent sodium citrate at room 
temperature. The blood was centrifuged within 24 hours, 
and the plasma was withdrawn. To 1 bottle was added 
the 1.75 per cent globulin solution and to the other, the 
3.50 per cent globulin solution. The globulin solution was 
cold. After thorough mixing, 3 equal aliquots of each 
were transferred to storage bottles. Each aliquot was 
transfused after storage for 1, 15, and 22 days respectively. 


C. AUB, T. SACK, AND W. C. PEACOCK 

(27) a and /9 GLOBULINS (fraction IV-3, 4, LOT 301) 

Experiments Nos. 88, 90, 92, 94, 106, 108. (Controls 
89, 91, 93, 105, 107, 109, 110 through 112 arc described 
above.) Three grams of the globulin were dissolved in 
100 ml. of the electrolyte solution. Two series of ex- 
periments were carried out, in one of which each test and 
control transfusion was a full bleeding, in the other of 
which each was a half-size bleeding. Resuspension was 
completed within 18 hours of drawing the blood. All 
solutions were cold and the packed cells were refrigerated. 

Test transfusions were given 1, 11, 17, 24, 32, and 39 
days, and control transfusions, 8, 10, 15, 18, 21, 22, 28, 31, 
and 38 days after bleeding. 

The results of these experiments arc summarized in 
Table V and Figure 3. 

RESULTS 

Whole blood 

The poorest survival of whole blood was ob- 
tained with 4 per cent sodium citrate (No. 1). 
After 4 days of storage, 90 per cent of the cells 
were viable, but thereafter deterioration was pre- 
cipitous. 

All of the other solutions contained dextrose. 
The simplest of these, citrate and dextrose, was 


TABLE V 


Post-transfusion survival of human erythrocytes drawn as whole blood in 4 per cent sodium citrate and stored at 4° C, 
after resuspension in human serum protein-fortified electrolyte solutions 


Solution 

Trans- 

fusion 

i 

1 Days 1 
' stored 

1 1 

1 ' 

1 

Recip. 

blood 

Transfused 

volume 

Age of 
tagged 

Clots 

Reactions 

(febrile) 

Sun’ival 


j no. 

group 

Total 

Cells 

cells* 



5 per cent albumin -f- Hughes 

36 

.0 

0 

ml. 

67 

viU 

33 

27 

-f + 

+ 

per cent 

91 

pH 6.8 (24) 

37 

23 ’ 

0 

77 

39 

27 

+ + -i- 

+ 

54 

Hughes pH 6.8 

38 

24 

0 

75 

39 

27 

+ + 

0 

70 

5 per cent albumin 4- Hughes 


10 

0 

74 

36 

27 

-f-h 

0 

72 

pH 6.0 (25) 


23 

0 

71 

35 

27 

-f + 

0 

38 

Hughes pH 6.0 

41 

24 

0 

82 

38 

27 

-F-i' + 

4- 

30 

Fraction IV-3, 4 (151) 

82 

1 

0 

167 

79 

132 

-h 

0 

82 

1.75 per cent in Hughes 

84 

15 

0 

143 

68 

132 

-h 

0 

80 

(26) 

86 

22 

1 

A 

142 

68 

132 

+ 

0 

78 

Fraction IV-3, 4 (151) 

83 

1 

0 

166 

77 


+ 

0 

95 

3.5 per cent in Hughes 

85 

15 

0 

146 

68 

BUB 

+ 4- 

0 

72 

(26) 

87 

22 

A 

141 

67 


4- 

0 

65 

1 

88 

1 

A 

505 

212 


0 

0 

98 

j 

90 

11 

A 

488 

195 

BiB 

4-4- 

0 

96 

Fraction lV-3, 4 (301) 

92 

17 

A 

525 

215 


4-4- 

0 

90 

in Hughes (27) 

94 

24 

A 

275 

113 

181 

4- 

0 

85 


106 

32 

0 

198 

90 

104 

4- 

0 

53 

] 

108 

39 

0 

117 

55 

104 

+ 

0 

33 


* Days between last injection of radioactive iron and day of bleeding. 
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De Gowin’s solution (No. 3). Although there 
seemed to be some immediate cell damage, subse.- 
quent deterioration proceeded at a rate of less than 
1 per cent a day up to about 20 days of storage, at 
which period 80 per cent of the cells proved to be 
viable. Thereafter, the surrdval curve broke 
sharply. 

The 2 unmodified E.T.O. A and B solutions 
(Nos. 8 and 9) were fortified with dextrose, solu- 
tion B also containing sodium chloride. Survival 
in both solutions was considerably better than in 
plain citrate, the 70 per cent levels being reached 
in about 11 and IS days respectively. 

Two solutions were buffered rvith phosphates, at 
7.4 (McGill II) (No. 2), and at 7.1 (Parpart’s) 
(No. 5) . Survival in McGill II solution was about 
90 per cent at 10 days of storage, but thereafter 
the rate of deterioration increased rapidly, the 70 
per cent level coming on the sixteenth day. Very 
good preservation was obtained with Parpart’s 
solution, even though some initial hemolysis may 
have been caused by taking the blood over dry ci- 
trate. During 26 days of storage, only about 10 
per cent of the cells became nonviable. 

The pH of Alsever’s solution (No. 4) was ad- 
justed to 6.8 with citric acid. Deterioration was 
fairly constant up to about IS days of storage, 
when about 80 per cent of the cells were viable, the 
70 per cent level being reached on the t%ventieth 
day. 

Four solutions were adjusted to a pH of S.O: 
E.T.O. Modifications A and B (Nos. 10 and 11) 
by hydrochloric acid, and ACD-1 (No. 6) and 
ACD-G (No. 7) by citric acid. Bloods in both 
of the modified E.T.O. solutions showed a con- 
stant rate of deterioration approximating 1 per 
cent per day, the 80 per cent level being reached 
in 20 and 16 days, respectively. This series was not 
followed down to the 70 per cent survival level. 
Both the ACD solutions gave very" satisfactory 
preservation. Blood in ACD-1 deteriorated at less 
than 1 per cent per day for 25 days, and in ACD-G 
for 22 days, at which survival in both solutions 
was at least SO per cent. 

Deterioration of red cells resuspended in normal 
saline (No. 12) was rapid, the 90 per cent level 
being reached in 3 days, and practically no cells 
being viable after 10 days of storage. 

Sun-ival in the first series of cells in com syrup 
(No. 13) was poor, the 70 per cent level being 


reached in about 4 days, but was considerably 
better in the second series. A wide scatter in sur- 
vival was found in this series, in which the subjects 
w'ere hospitalized patients, but it is evident that 
preservation was satisfactory" for at least 10 days. 

Both the phosphate-buffered solutions (Nos. 
14 and 15) gave good preser\"ation. 

Surivival of cells in the pH 6.8 solution was 
better than 80 per cent up to the longest storage pe- 
riod studied, 20 days ; and the survival of cells in 
the pH 6.0 solution was 70 per cent at 22 days. 

The citrate-buffered solution adjusted to pH 3.8 
with HCl (No. 27, controls^®) was better than 
that adjusted to pH 5.1 (No. 16), the 70 per cent 
survival levels being reached in 20 and 14 days re- 
spectively. 

Two other citrate-buffered solutions, C 2 A (No. 
18) and CA^ (No. 19), gave fairly good preser- 
vation, the 70 per cent levels being reached at 21 
and 18 days respectively. 

The low volume citrate-buffered solution (No. 
20) gave poor preservation, the surv'ival level hav- 
ing fallen to about 10 days, and to less than 60 per 
cent after 16 days of storage. 

Survival of cells in the bicarbonate-buffered 
solution (No. 21) was 70 per cent after 20 days 
but only about 40 per cent after 26 days of storage. 

Packed red cells 

Red cells drawn into ACD-G, stored as centri- 
fuged cells with the plasma removed, and trans- 
fused up to 21 days of storage without the addition 
of any diluent, surv'ived as well as whole blood in 
the same solution. The addition of 0.85 per cent 
NaQ ; 1.1 per cent, 0.85 per cent and 0.6 per cent 
NaCl plus 0.5 per cent of dextrose ; and of 0.85 per 
cent NaQ plus 0.5 per cent dextrose and 0.2 per 
cent citric acid decreased the viability of the cells as 
compared to whole blood, the 70 per cent level be- 
ing reached at from 12 to IS days. 

The addition just prior to transfusion of 1.0 per 
cent NaQ; of 1.0 per cent NaQ plus 0.5 per cent 
dextrose ; and of 0.85 per cent NaQ plus 0,5 per 
cent dextrose did not increase the viability of tlie 
cells as compared with whole blood. Results with 
the addition of 10 per cent com symp were equiv- 
ocal. 


Illustrated in Figure 5. 
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Solutions ivitli added human scrum protein 
fractions. 

Human- serum albumin (Nos. 24 and 25) did 
not increase the preservative quality of the electro- 
lyte solution in which it was added (Nps. 14 and 
15). Fraction IV-3, 4, composed of a and p 
globulins and albumin, apparently had a beneficial 
effect. With one lot of globulin (No. 26) survival 
of better than 70 per cent was obtained for 15 days. 
With the other lot (No. 27) survival of cells in 
the globulin-containing solution was better than 
80 per cent for 24 days of storage, but survival of 
the cells in the control solution had fallen to 71 
per cent over a similar storage period. 

DISCUSSION 

Most of the experimental subjects were normal 
ambulatory males. In the series of cells resus- 
pended in corn syrup (Experiments Nos. 140 
through 147), and Hughes pH 5.1 solution (Ex- 
periments Nos. 132 through 139), hospitalized pa- 
tients were used. It will be noted in Figure 2 that 
the scatter in percentage of survival throughout 
the period of observation (9 to 20 days) was 
much greater in both series than that seen in the 
normal recipients. Most of these patients were 
anemic, some were mildly febrile, some had gas- 
trointestinal lesions, others were postoperative, and 
one under daily X-ray therapy for carcinomatosis. 
Similar observations on survival of radioactively 
tagged stored red cells are reported by Denstedt 
(47) in mental cases and by Strumia (48) in hos- 
pital ward patients. Accordingly, the survival in 
normals may be regarded as the best experimental 
basis for the comparative evaluation of viability 
of blood stored in various solutions. 

The size of transfusions given varied from full 
bleedings (150 to 250 ml. of cells) to small ali- 
quots (25 to 100 ml. of cells). Thus, the amounts 
transfused represented variable percentages of 
the recipient’s pre-transfusion red cell volume. 
Since the recipients’ red cell volumes ranged from 
about 1,800 to 2,500 ml., the transfusions ranged 
from 1 to 15 per cent of total red cell volume. The 
time in which the transfusion was given, and hence 
the average rate of flow, also varied. 

The absolute quantities of non-viable cells varied, 
in these experiments, with tlie size of the transfu- 
sion and the percentage of survival. While these 


factors might well influence the rale at which non- 
viable cells or hemoglobin were removed from cir- 
culation, it is hardly to he expected that many non- 
viable cells, even in a badl}' deteriorated blood, 
would remain in active circulation for any con- 
siderable period of time. Thus the accuracy with 
which the proportion of non-viable to viable trans- 
fused cells was- measured was not afTected by the 
size of the transfusion. 

In the paper in which the radioactive iron 
method of measuring post-transfusion survival of 
transfused red cells (40) was described, the per- 
centage of survival, that is, the percentage of trans- 
fused cells found viable, was based upon the lowest 
radioactivity value of the recipient’s red cells found 
during the obseiA^ation period. This low point 
occurred within the first 24 hours after transfusion 
in the majority of cases, atid seldom beyond the 
first 48 hours after transfusion. 

’ Recipient radioactivity levels after 48 hours 
constitute the sum of radioactivity of retained do- 
nor cells and of new cells containing re-utilized 
radio-iron. Thus the method does not measure 
the continued longest period of survival of viable 
donor cells in the recipient’s blood stream. How- 
ever, the chief danger from the transfusion of 
stored blood lies in the extent of breakdown of 
donor cells, and hence the immediate survival of 
the transfused cells becomes a factor of paramount 
importance in evaluating preservative solutions. 

The limit of error of the technic was defined as 
— 5 per cent. In those cases in which the loss of 
cells was considerable, it is possible that some re- 
utilization of liberated radio-iron had already oc- 
curred at the time that the lowest recipient radio- 
activity value was obtained. If such were the case, 
the extreme loss of transfused cells might not have 
been detected, and the computed survival may have 
been falsely high. In all probability this potential 
error is not significant in the results obtained on 
bloods showing better than 60 per cent survival. 

It should be clearly understood that only radio- 
actively tagged erythrocytes are detected by the 
analytic procedures employed. The exact per- 
centage of tagged cells of given ages in the blood of 
any donor cannot be calculated from the data avail- 
able, since tbe quantity of the radio-iron in the 
individual corpuscles was not measured, nor is it 
certain that radio-iron is evenly distributed in all 
developing cells. The time elapsed between the 
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first exposure of a donor to radio-iron and the 
drawing of blood from that donor is knoum and 
is listed for each transfusion in Tables II through 
V. Thus it is possible to consider donors as hav- 
ing predominantly young, middle-aged, or old 
tagged cells. Those donors in whom the time in- 
terval between administration of radio-iron and 
drawing of blood exceeded the normal life span 
of the red cell (about 100 days) may be considered 
as having, to an unknown extent, a mixed-age 
cell population. The longer the time inten'al, the 
more closely would the age distribution of the 
tagged cells approach the age distribution of all the 
circulating cells. 

It was also stated (40) that the age of the radio- 
actively tagged cells at the time the blood was 
drawn was a factor in the rate of deterioration of 
the cells during storage; that verj- young cells 
survived about 10 per cent better during storage 
than did cells of advanced age. In those experi- 
ments in which only young tagged cells were 
given, the survival percentages might therefore be 
expected to be somewhat better than if t^ged cells 
of ages more nearly representative of the whole 
red cell population had ben used. 

Thus, the survival of tagged cells from any do- 
nor could be expected to be best when all cells are 
young and to become progressively poorer as they 
approach the end of their life span. After that 
time, survival would be improved due to the pres- 
ence of new cells tagged with re-utilized radio-iron. 
This phenomenon would continue until all ages 
of cells were represented by tagged cells, and the 
measured survival of the radioactive cells would 
be truly representative of the survival of the blood 
as a whole. 

The maximum differential in survival of young 
and old cells is 10 per cent, and the degree of this 
error will tend to diminish the more closely the 
age distribution of the tagged cells approaches 
that of a truh' mixed-age red cell population. This 
factor, slight as it is, has been taken into consider- 
ation in the final evaluation of the preseiA-ative 
solutions studied. 

In general, evidence, by the radioactive method, 
of good preseiA'ation is slightly more significant 
when the transfusion contained predominantly old 
or mixed-age tagged cells, than when the tagged 
cells were young. Conversely, ewdence of poor 
preservation is more significant when the transfu- 


sion contained young tagged cells, than when the 
tagged cells were of mixed or advanced age. 

Studies by Shemin and Rittenberg, employing 
N‘", have demonstrated that the normal life span of 
human erj'throc}'tes is from 100 to 120 days (33). 
It can therefore be assumed that red cells normal!}' 
die off at the rate of about one per cent a day in 
the body. It follows that if cells deteriorate at a 
similar rate during storage, as determined by post- 
transfusion sur\'ival, preserv'ation in vitro has been 
as good as if they had remained in circulation in 
the body. 

SuiA'ival at a rate equivalent to the post-trans- 
fusion loss of not more than 1 per cent of the trans- 
fused cells per day of storage would therefore seem 
a reasonable standard for “satisfactory” preser\'a- 
tion. The slope of this rate of surrdval is plotted 
in broken lines in Figures 1, 2, 3. 

This does not imply that blood showing higher 
rates of deterioration cannot be safely transfused. 
As will be shown in a subsequent communication 
(49), the normal reticulo-endothelial and er}'thro- 
poietic system is capable of disposing of red cell 
breakdown products up to 30 per cent of a 500 ml. 
transfusion without marked hemoglobinemia or 
hemoglobinuria. One important factor is, there- 
fore, the storage period at which not less than 70 
per cent of transfused cells survive. With what we 
have defined above as “satisfactor}'” preservation, 
survival would decline to this level in 30 days. 
This “zone of safe transfusion” is indicated by the 
dotted rectangle in Figures 1 through 3. 

Inspection of the time-survival curves in these 
figures reveals that tlie initial rate of deterioration 
remains fairly constant throughout the observ’ation 
period, but in others becomes accelerated at some 
point during continued storage. 

This constant rate of deterioration is illustrated 
in Figure 1 by the time-survival curves of Par- 
part’s solution, ACD-1 and ACD-G, and E.T.O. 
Modification A. The acceleration in rate of de- 
terioration is illustrated by the time-suiA'ival curves 
in Figure 1 of citrated blood. McGill II. De Gow- 
in's and Alsever’s solution, and in Figure 3. by the 
curves of cells resuspended in the globulin-fortified 
(301) acid-citrate dextrose solution, and the pH 
3.8 controls. The preservative showing a lov,- and 
constant rate of deterioration over substantial pe- 
riods would appear to be superior to one in v.diich 
an abrupt change vas obseiA'ed. 
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. Both of those characteristics must be considered 
in determining the longest permissible dating pe- 
riod of blood stored in any preservative. 

The storage period at which the rate of deterior- 
ation began to exceed 1 per cent per day, and at 
which the smoothed time survival curves inter- 
sect the 70 per cent survival abscissa, is shown in 
Table VI for each solution studied. In those series 
in which survival did not fall below 70 per cent, the 
percentage of survival obtained on the longest ob- 
served storage period is listed. Also given in the 
table are “dating periods” — ^the longest permissible 
safe periods of refrigerated storage. 

Any dating period is at best an approximation. 
Blood from individual donors presents one variable, 
and the state of health of recipients many more 
variables. The manner in which blood is drawn, 
and its subsequent handling also may affect be- 
havior during storage. The determination of up- 
per limits of storage should be based on conserv^a-: 
tive rather than optimistic considerations. 

It is recognized that the ability of the human 
body to dispose of red cell breakdown products 
is extremely variable and may be far greater than 
hitherto believed. In the opinion of the authors, 
safe practice would appear to be to give the patient, 
not the preservative solution, the benefit of the 
doubt. 

These values have been arrived at by consider- 
ing the characteristics of the time-survival curves : 
the storage period at which the rate of deteriora- 
tion began to exceed 1 per cent per day and the 
survival had dropped off to 70 per cent (where ob- 
served). The age of the tagged cells was also 
considered according to the general statement made 
above. 

There are obviously wide differences in the 
preservative qualities of the solutions studied. 
They may be grouped according to dating period 
somewhat as shown in Table VII. 

In light of the data presented, it can be empiri- 
cally stated that maximal preservation of cells 
stored as whole blood is obtained with a solution in 
which 

(a) the ratio of whole blood to diluent is not less 
than 4 to 1 ; 

(b) the concentration of citrate in diluted plasma 
is between 0.4 and 0.6 grams per 100 ml. (about 
1.0 gram per 100 ml. of packed cells) ; 


TABLE VI 

Storage periods at which rale of deterioration begins to exceed 
J per cent per day, at which the 70 per cent survival 
level is reached, and approximate 
"dating periods^’ 


! 


Storage period | 
.at which 


Solution 

Sol. 

no. 

Rate of 
deterio- 
ration 
>1 per 
cent per 
day 

70 per 
cent Jtir- 
vival 
level 
reached 

‘■Dnt- 

inR 

rfoS” 


Whole blood 


Sodium citrate 

1 

3 

6 

5 

McGill solution 

2 

11 

14 

12 

DeGowin’s 

3 

19 

24 

20 

Alsever’s 

4 

16 

20 

18 

Parpart’s 

5 

+27 

-f27 

26 

ACD-1 

6 

27 

29 

26 

ACD-G 

7 

22 

H-22 

22 

E.T.O. citrate 

8 

5 

10 

7 

E.'l'.O. citrate-saline 

9 

?* 

14 

10 

E.T.O. Mod. A 

10 

20 

-f20 

20 

E.T.O. Mod. B 

11 

?* 

+21 

20 


Cells resuspended in electrolyte solutions 


0.85 per cent saline 

12 

0 

6 

4 

10 per cent corn syrup** 

13 

10 

13 

10 

Phosphate-buffered/pH 6.8 

14 

+20 

+20 

20 

citrate-dextrose \pH 6.0 

15 

?* 

23 

20 

Citrate-buffered fpH 5.0 

16 

10 

13 

10 

citrate-dextrose\pH 3.8 

17 

19 

24 

20 

ModifiedfCeA 

18 

11 

19 

14 

ACD tCjA^ 

19 

16 

22 

15 

Modified ACD 

(Washington Conference) 
Bicarbonate-buffered citrate- 

20 

6 

13 

9 

dextrose 

21 

14 

21 

16 


Cells resuspended in protein-fortified solutions 


Phosphate-buffered f pH 6.8 

24 

11 

17 

12 

citrate-dextrose -(pH 6.0 
plus albumin ( 

25 

? 

1 

11 

8 

Citrate-buffered fpH 7.0 

26 

? 

+22 

20 

citrate-dextrosej pH 3.8 
plus globulin ( 

27 

1 

+23 

28 

1 24 

1 


Centrifuged cells with and without added saline 


ACD-l with saline 

1 

22 

12 

18 

14 

ACD-Gfwith saline 

23 1 

10 

19 

14 

(without saline 


+21 

+21 

20 


* Observations not made early enough in storage period 
to determine initial rate of deterioration. 

** Second series, Experiments Nos. 140 through 147. 


(c) the concentration of dextrose in the diluted 
plasma after equilibration with the cells is about 
0.5 gram per 100 ml. ; and 

(d) the hydrogen ion concentration is high 
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TABLE vn 

upper safe limits of storage periods for vihole Mood and cell resuspension solutions 


Days of storage 


o-s 

S-IO 

lO-lS 

lS-20 j 

20-25 

Whole blood 

Sodium citrate 

E.T.O. citrate 

E.T.O. dtrate 

I saline 

1 

1 

McGill 

1 

DeGowin's 

Alsewr's 

E.T.O. Mod. A 

E.T.O. Mod. B 

1 

Parpart's 

ACD-1 

ACD-G 

Resuspended cells — electrolytes 

0.85 per cent NaCl 

10 per cent com syrup 
CiUnte-buffered 
dtrate-dextrose 
pH S.O 

Modified ACD 

ClVash. Coni.) \ 

Modified ACD 

CsA 

C;.M 

i 

1 

Phosphate-buffered 
dtrate-dextrose 
pH 6.8 
pH 6.0 

Citrate-buffered 
dtrate-dextrose 
pH 3.8 

Bicarbonate-buffered 

dtrate-dextrose 

1 

1 


Resuspended cells — protein-fortified solutions 



Phosphate-buffered 
dtrate-dextrose 
plus albumin 

1 


Citrate-buffered 
dtrate-dextrose 
plus globulin 


j 

ACD-1 in saline* 
ACD-G in saline 

.ACD-G without saline 



* Added just prior to transfusion. 


enough so that the buffering action of plasma pro- 
teins and hemoglobin tvill not raise the pH of the 
diluted plasma above 7.0, or of the cells above 6.8. 

These conclusions are in keeping with those of 
Moliison (35), Loutit (36), and Altmann and 
Watson (50). 

The specifications of the optimal resuspension 
fluid are, however, less dear. 

Since the cells were drawn as whole blood into 
4 per cent sodium citrate, some initial damage may 
have occurred before resuspension. 

The addition of dextrose and the maintenance of 
a slight aciditj’ of the diluent during storage ap- 
pear to be as important for resuspended cells as 
for whole blood. No significant hemolysis was 
produced by the addition of even the most acid 
fluids. 

These observations do not apply to fluids used 
for resuspension of cells drawn as whole blood into 
ACD-1 or ACD-G. 


Slightly hypertonic solutions of NaQ with or 
without low concentrations of dextrose can be 
safely used for diluting packed AQD red cells pro- 
rided the diluent is added just prior to transfu- 
sions. No electrol}'te diluent was found in which 
packed cells could be stored without increasing 
their rate of deterioration. 

The formation of fibrin clots occurred in more 
or less degree in all stored blood and resuspended 
cells. They varied in character from very fine, 
pale particles to larger, tenacious, gelatinous 
masses. They were roughly quantitated by in- 
spection of filters and bottles at the end of trans- 
fusion. The relative amounts of clot noted arc 
listed in Tables I to IV. Those clots quantitated 
as 1 ri- or 2 -h did not interfere with administra- 
tion of blood through a C 3 ’lindrical, metal, lOO-mesh 
screen filter with a 20 sq. cm. surface area. Tliose 
indicated as 3 -f were in sufficient quantity to slow 
down the speed of transfusion but not stop flow. 
The small particles cause obstruction by coating 
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the filter surface and are of more significance than 
the large, stringy masses which might possibly 
block the outlet from the bottle, although this has 
not occurred in our experience. 

The amount of clot in any given solution tended, 
in general, to increase on storage at optimal tem- 
perature, the oldest bloods showing the largest 
amounts. The degree of clot formation on storage 
showed no relationship to ratio of volume of w'hole 
blood to anticoagulant used. There was generally 
less clot present in stored cell resuspensions than 
in stored whole blood. Albumin solution and sa- 
line resuspensions were notable exceptions, both 
showing relatively large amounts of clot of the 
stringy, gelatinous type. In stored packed 
ACD~1 and ACD-G cells, there was much less 
clot formation than in the same solutions stored 
as W'hole blood. None of the solutions studied 
entirely prevented the formation of clots. 

The reactions tabulated in Tables II to V refer 
only to those of the febrile type and were prob- 
ably due to accidental pyrogenic contamination of 
some part of the collecting, resuspending or trans- 
fusion apparatus, or of the solution used, rather 
than to the breakdown of cells. In many instances 
there was donor cell destruction equivalent to or 
greater than that occurring in subjects having a 
rise in temperature, with no symptoms or fever. 
In no instance of febrile reaction was bacterial 
contamination demonstrated. In every case where 
there was a rise in temperature, there w'ere also 
malaise and other related symptoms. 

In 52 transfusions of whole blood, there were 3 
very mild reactions w'ith a maximum temperature 
rise of 1.5° F., with no chill, and 1 with a maxi- 
mum rise of 3.1° F., with a slight chill. In 81 
transfusions of resuspended or packed cells, there 
W'ere 7 very mild reactions, with a temperature rise 
of less than 1.0° F., 5 with a 1.0 to 1.5° F. tem- 
perature rise; and 2 with a temperature rise of 
3.1 and 4.4° F., respectively, and these 2 subjects 
experienced chills. 

There w'ere about twice as many reactions in 
bloods stored 15 days or less than in those stored 
more than 15 days. Hence prolonged storage did 
not increase the incidence of pyrogen reactions. 

It is felt that the information obtained from this 
admittedly small series of well controlled experi- 
mental transfusions offers a better basis for evalu- 
ating preservatives than observations obtained by 


less accurate clinical laboratory tests in larger 
series of observations. 

The practical worth of any ))reservative must 
finally rest on long-range clinical experience. 
The conclusions reached herein arc set forth as a 
guide to clinical usage; for the selection of solu- 
tions to meet specific requirements and for the es- 
tablishment of safe storage limits. 

CONCLUSIONS 

(7) The post-transfusion survival of preserved 
human erythrocytes, stored under refrigeration for 
varying periods of time, has been determined by 
means of the radioactive iron technic. 

(2) Studies w'ere made of 11 preservative solu- 
tions for whole blood, of 10 electrolyte solutions 
for resuspensions of centrifuged cells, of 2 electro- 
lyte resuspension fluids to which human serum 
protein fractions W'cre added, and of packed cells 
stored w'ithout resuspension after the removal of 
plasma. 

(3) The longest period of time at which cells 
stored under refrigeration can be safely transfused 
has been determined for every solution investi- 
gated. This "dating period" is based upon the olv 
served rate of deterioration of the red cells during 
storage. 

(4) Refrigeration, the addition of dextrose to 
the citrate anticoagulant, the maintenance of a 
slightly acid reaction of the diluted plasma or re- 
suspension fluid, and optimal dilution are essentials 
for prolonged preservation. 

(5) Whole blood can be preserved up to 70 
per cent viability for at least 21 days in acid-citrate 
(ACD-1 and ACD-G), and for at least 15 days 
in De Gowin’s, Alsever’s, and McGill solutions. 

(6) Red cells draw'n as whole blood into sodium 
citrate can be preserved by resuspension in citrate- 
buffered citrate-dextrose solution for from 10 to 
15 days. 

(7) Packed red cells from blood draw'n into 
acid-citrate-dextrose may be safely transfused both 
without the addition of diluent, and with a slightly 
hypertonic saline diluent added just prior to trans- 
fusion, up to 21 days of storage. 
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THE RATE OF POST-TRANSFUSION LOSS OF NON-VIABLE 
STORED HUMAN ERYTHROCYTES AND THE RE-UTILI- 
ZATION OF HEMOGLOBIN-DERIVED RADIO- 
ACTIVE IRON ^ 

By JOHN G .GIBSON, 2ND, WENDELL C. PEACOCK, ROBLEY D. EVANS, 
THEODORE SACK, and JOSEPH C. AUB 

{From the Radioactivity Center, Massachusetts Institute of Technology, Cambridge, Massachu- 
setts; the Medical Clinics of the Peter Bent Brigham and Massachusetts General 
Hospitals; and the Department of Medicine, Harvard Medical School, 

Boston, Massachusetts) 
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When human erythrocytes are transfused tvithin 
a few hours of taking in citrate solution, practically 
all of them remain intact in the recipient’s blood 
stream (1). Thereafter, they disappear from the 
circulation at a rate of about one per cent per day 
(2, 3), and it is generally believed that this is the 
normal death rate of homologous erythrocjdes. 

Chemico-phj’^sical changes occur in red cells dur- 
ing storage in vitro. Depending upon the preser- 
vative value of the anticoagulant used, deteriora- 
tive changes may occur gradually and proceed at 
relatively constant rates for considerable periods, 
or they may be initiated early in storage and pro- 
ceed at accelerated rates. Post-transfusion vi- 
ability of preserved cells is a function of the length 
of storage (1). 

Thus, the transfusion of stored blood, which al- 
ways contains a certain quantity of cells in -which 
irreversible changes have occurred, necessitates 
the removal of those dead or dying red cells from 
the circulation. These cells may rupture in the 
blood stream and, through release of hemoglobin, 
give rise to hemoglobinemia. It is also possible 
that they may be removed, with membranes rela- 
tively intact, by phagocytosis, or segregation in 
the spleen (4), and subsequently destroyed. In 
either event a load is imposed upon the mechanism 
for scavenging the blood stream and for the han- 
dling of hemoglobin-derived pigments ; the reticulo- 
endothelial and the er)’thropoietic systems. He- 
moglobinemia also involves renal function since 
there is a plasma level for hemoglobin above which 

iThe work described in this paper n-as done under a 
contract, recommended by the Committee on Medical Re- 
search, between the OfSce of Scientific Research and De- 
velopment and the Massachusetts Institute of Technology, 
in collaboration with the Peter Bent Brigham Hospital, 
and the Massachusetts General Hospital. 


hemoglobinuria occurs. The degree of this burden 
will be determined by the quantity of mortally dam- 
aged cells transfused (which will in turn depend 
upon the siae of the transfusion, and, for any given 
preservative solution, the length and conditions of 
storage prior to transfusion), and the rate at which 
the blood is transfused. 

In previous communications (5) it was con- 
cluded that the greater part of the non-viable cells 
are completely removed from active circulation, 
usually within 24 hours after transfusion, and that 
the remainder of the transfused cells resume nor- 
mal functional capacity and enjoy a sojourn in the 
body equivalent to the remainder of their normal 
life expectancy. It is therefore only the non-viable 
portion of the transfused red cells that need be con- 
sidered in the study of the effects of the transfusion 
of stored blood. 

In a number of experiments in which blood, the 
cells of which were tagged with radioactive iron, 
was transfused, the initial recipient blood sample 
was taken within 60 minutes, and several subse- 
quent samples within the first 14 hours of the be- 
ginning of the transfusion. Since little if any re- 
utilization of hemoglobin-derived radio-iron can be 
expected to occur in this period, tlie radioactivity 
of those blood samples accurately measured the 
quantity of transfused cells removed from the 
blood stream. These values ma}- be expressed in 
terms of the percentage of total cells transfused or 
of the contained quantities of hemoglobin or of 
iron. 

Such data were obtained in 9 transfusions of sfo.-ed 
whole blood and in 15 transfusions of stored resuspended 
cells. The whole bloods were drawn into ACD-1 and Al- 
sever’s solution; thej- were transfused from S to 26 days 
after collecting. 

Five of the bloods in .•\CD-1 had been transported, by 
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TABLE I 


Quantities of whole blood (or resuspensions) and red cells transfused, storage periods, and percentages of non-viable red cells 
removed from circulation at successive intervals from beginning of transfusion 





Transfused 

Time intervals in minutes from 

start of transfusion ' 

Exp. 

Solution 

Days 







no. 

stored 










Total 

Cells 


Per cent cells removed 

in interval 




ml. 

ml. 






69 

ACD-1 

8 

543 

247 

35 

88 

233 

428 

1,320 






5 

6 

6 

7 

9 

72 

ACD-1 

15 

536 

230 

95 

147 

.322 

1,320 







4 

5 

7 

14 


73 

ACD-1 

16 

565 

253 

58 

114 

354 

1,470 







2 

3 

7 

8 


76 

ACD-1 

25 

325 

150 

36 

99 

249 

449 

1,290 






0 

7 

22 

26 

30 

77 

ACD-1 

26 

285 

121 

36 

112 

232 

1,350 







1 

2 

6 

17 


78 

Alsever's 

19 

575 

161 

50 

117 

242 

482 

1,260 




1 


16 

33 

55 

67 

76 

79 

ACD-1 

20 

366 

1.S6 

54 

91 

236 

1,260 







28 

44 

72 

83 


80 

Alsever's 

23 

515 

151 

38 

95 

476 

1,260 






1 

1 

35 

57 

67 

87 


81 

ACD-1 

24 

285 

122 

34 

89 

239 

479 

1,290 






22 

55 

82 

82 

92 

88 


1 

505 

212 

57 

127 

337 

1,320 







0 

0 

0 

5 


90 

Citrate-buffered 

citrate-dextrose 

18 

420 

191 

52 

117 

1 

363 

1,260 



with added globulin 




0 

3 

6 

' 

92 


17 

525 

215 

55 

106 

246 

1,260 





j 


0 

5 

7 

10 


133 


13 

467 

217 

65 

155 

35'5 

1,440 







6 

12 

28 

40 


134 


15 

520 

235 

153 

372 

1,500 






1 


5 

28 

29 



135 


20 

315 

147 

43 

123 

273 

1,615 







11 

32 

36 

47 


136 

Citrate-buffered 

citrate-dextrose 

11 

510 

256 

55 

135 

335 

1,500 



pH 5.0 




11 

32 

36 

47 


137 


14 

500 

234 

46 

130 

290 

1,440 







13 

28 

45 

52 


138 


15 

497 

245 

55 

124 

392 

1,500 







22 

34 

58 

' 68 


139 


18 

357 

175 

76 

176 

326 

1,410 







16 

26 

42 

' 45 


140 


13 

502 

227 

61 

164 

349 

1,500 





1 


— 

3 

6 

8 


141 


9 

487 

169 

45 

140 

300 

1,530 







2 

4 

6 

11 


142 

10 per cent corn syrup 

15 

475 

178 

44 

14 

74 

21 

184 

43 

1,440 

46 


143 


20 

470 

193 

61 

115 

275 

1,440 







28 

— 

33 

59 


146 


14 

520 

220 

1 

75 

155 

350 

1.360 
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DISAPPEARANCE OF NON-VIABLE ERYTHROCYTES 
FROM THE BLOOD STREAM 



MINUTES from BEGINNING OF TRANSFUSION 
Fig. 1. Disappearance of Non-Viable Erythrocytes from the Blood Stream 
The percentage of total transfused tagged cells stored as whole blood in ACD-1 and Alsever's solution remaining 
in circulation during the first 1,500 minutes after beginning transfusion. 


air, under constant refrigeration, from Boston, Massa- 
chusetts to Oakland, California, and back (5 days elapsed), 
and subsequently were stored at 4° C. Two bloods in 
ACD-1 and 3 in Alsever’s solution had been transported 
by air, ivithout constant refrigeration, from Boston to 
Paris, France (11 days elapsed), and subsequently were 
stored at 4° C. 

The packed cells were resuspended in; a 10 per cent 
com syrup; a citrate-buffered citrate-dextrose solution of 
pH 5.0; and a citrate-buffered citrate-dextrose solution 
containing 3 per cent Fraction IV-3, 4, Lot 301 - (a and P 
globulin). The cells in the globulin-fortified solution had 
been in deppt storage at 4° C. until transfused. The cells 
in com symp and in the acidified-citrate-dextrose solu- 
tion were transported by tmck, under controlled refrigera- 
tion (4 to 10“ C.), from Boston to New York, and trans- 
fused into patients on the wards of the New York Hos- 
pital.3 

- Prepared in tlie Pilot Plant of the Department of 
Physical Chcmistrj', Harvard Medical School, under the 
direction of Dr. E. J. Cohn. 

® These experiments were carried out, under request 
from medical authorities of the U. S. Nai-y, represented 
by Lt. (s.g.) Henrj- Blake, U.S.N.R., in collaboration 
witli Dr. Ralph G. Stillman, of the New York Hospital, 
and Dr. William Thalhimcr. 


The transfused quantities of whole blood in ACD and 
Alsever’s solution ranged from 315 to 525 ml. (121 to 
253 ml. of cells) ; cell resuspensions in com symp and in 
the citrate-buffered citrate-dextrose ranged from 315 to 
520 ml. (147 to 256 ml. of cells) ; and cell resuspensions in 
the globulin-fortified resuspension solution, from 420 to 
505 ml. (171 to 215 ml. of cells). The average of the 
24 transfusions was 194 ml. Time required for trans- 
fusion varied from 13 to 65 minutes, and the rate of flow 
from 8 ml. to 36 ml. per minute, averaging 18 ml. per 
minute. The hematocrits of whole blood were from 28 
to 46; and of cell resuspensions from 34.7 to 50.5; the 
average hematocrit of all the transfusions was 42.7. 
Survival during the first 24 post-transfusion hours ranged 
from 92 to 8 per cent for whole bloods and from 93 to 32 
per cent for the cell resuspensions. 

These quantities of whole blood and cells are well 
within the ranges encountered in single clinical transfu- 
sions; hence the data may be treated as a whole in apply- 
ing the findings to transfusion practice. The average rate 
of inflow, 18 ml. per minute, is perhaps more rapid than 
that of the usual routine transfusion. 

The quantiu- of whole blood or resuspension, 
cells transfused, rate of inflow, and pcrccnta^je of 
total transfused cells lost from circulation at st;c- 
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cessive intervals from the beginning of the trans- 
fusion are shown in Table I. The percentages of 
cells remaining in circulation at intervals up to 
1,500 minutes after transfusion are shown in Fig- 
ures 1 and 2. 

The post-transfusion behavior of both the cells 
stored as whole blood and the cells in resuspension 
was similar. The rate of loss of non-viable cells 
from transfusions in which the eventual survival 
was better than 80 per cent was slow and rela- 
tively constant. At 80 per cent survival, or better, 
the greater part of the loss occurred during the first 
300 to 500 minutes from the start of the transfu- 
sion, there being, in general, little further loss dur- 
ing the remainder of the first 24 hours. 

In transfusions, the survival of which was less 
than 80 per cent, the rate of loss of non-viable cells 
was rapid and tended to vary directly with the 
eventual sundval. The rate of loss was greatest 
during the first 60-minute period, becoming pro- 
gressively less during the next 24 hours. The 


RATE OF disappearance 
OF non-via'ble ertthrocttes 



PERCENT SURVIVAL 

Fig. 3. Rate of Disappearance of Non-Viable 
Erythrocytes 

The average percentages of total transfused tagged red 
cells removed from circulation during successive 60 -minute 
intervals from beginning of transfusion, in relation to the 
percentage of survival. 
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maximum loss was not reached during the first 5 
hours, but the rate of loss during the ensuing 19 
hours was considerably less than during the first 
5-hour period. It should be emphasized that even 
in the poorest transfusions the 24-hour data still 
measure disappearance uncomplicated by cell re- 
generation. 

It is therefore apparent that the rate of disap- 
pearance of non-viable cells is a function of per- 
centage of survival, which in turn is a function of 
time of storage. 

It is possible, from the time survival curves pre- 
sented in Figures 1 and 2, to determine, for the en- 
tire series of experiments, the average rate of dis- 
appearance of cells at given intervals after the be- 
ginning of transfusion for any percentage of even- 
tual survival. The family of curves representing 
these rates at 60-minute intervals up to 5 hours 


after transfusion are shown, in relation to sundval, 
in Figure 3. 

It is evident that the loss of non-viable cells be- 
gins very soon after the administration of blood 
and, in badly deteriorated bloods, may begin dur- 
ing administration. Regardless of the sundval, the 
rate of loss is most rapid during the first 60 min- 
utes’ post-transfusion period and decreases con- 
siderably during the ensuing four 60-minute pe- 
riods. 

This fact is more clearly evident in Figure 4, in 
which the average rates of loss of non-viable cells 
during the first 5 hours after the beginning of 
transfusion, expressed as per cent of cells lost per 
minute, are shown for transfusions ranging from 
100 to 50 per cent survival. 

In the same figure, the total quantity of hemo- 
globin that would be obtained from vninediate 


RATE OF REMOVAL OF NON-VIABLE 
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HOURS FROM BEGINNING OF TRANSFUSION 

Fig. 4. Rate or Removai, of Xo.v-Vi.4ble Stored Ervtbrocytes from Circclatzob 
The average percentages of loss of the total transfused tagged red cells per hour during the first 5 hours from be- 
ginning transfusion, in bloods ranging from SO to 100 per cent sur\-I\-al (indicated by figures in circles). Tl-.e total 
amount of hemoglobin, in grams per hoar (assuming immediate and complete intravascular he-molysis ocevrs), liber- 
ated from non-riable red cells following transfusio.u of blood sarriring from 50 to 100 per cent, is iho-m in the first 
column on tlic right. The theoretical plasma hemoglobin level, in an individual m'di a plasma volu.me of 3,5W ml. 
resulting from complete retention of the liberated hemogloblin, is shown in the column on the extreme righ.L 
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of non-viable cells is shown after transfusion has begun. The extent of this 

in relation to the per cent of transfused cells de- load will vary inversely with the size of the trans- 

stroyed. These quantities are also plotted as ingm. fusion, percentage of non-viable cells, and speed 

of hemoglobin liberated per hour per 100 ml. of of inflow. 

plasma, in an individual with a plasma volume of It would appear to be safe practice to set the 
3,500 ml. lower limit of acceptable stored blood at 70 per 

Hemoglobinuria was observed only in those of cent post-transfusion survival. This certainly pro- 
our subjects who received full-sized transfusions of vides a margin of safety which might not be pres- 
blood the survival of which was less than 50 per cut were a less good survival accepted, 
cent, and then was a transient affair, the urine be- This concept affords a basis for the assignment 
ing clear within a few hours after transfusion, of upper dating limit of bloods in the several solu- 

Even in these subjects the rise in serum total tions at present in use in certain blood banks, 

bilirubin did not exceed 2 mgm. per 100 ml. of Reference has been made (5) to the re-utiliza- 
plasma. It is clear that many dead cells must be tion of iron derived from broken domi cells in the 

removed relativel)^ intact from the blood stream, synthesis of new hemoglobin. It is of interest to 

The role of the spleen in this regard is too well know to what extent this blood iron is economized, 

known to elaborate on. Twenty-six experiments were completed in which 

The greatest burden of disposing of cell break- recipient’s blood samples were taken at frequent 

down products is imposed within the first 2 hours intervals, up to 21 days after transfusion, thus per- 


T.ABLE II 


Re-utilization of radio-iron derived from non-viable stored erythrocytes 







Cells resuspended in 
saline 


Cells resuspended in 
10 per cent corn syrup 


DeGowin 


Parpart’s 








Transfused 

stored 

Whole 

blood 

Hct. 

Cells 


ml. 


ml. 

0 

157 

32 

50.3 

10 

142 

29.8 

42.3 

14 

117 

31.0 

36.0 

21 

137 

31.2 ! 

42.6 

29 

143 

31.9 

45.6 

2 

84 

44.5 

37.4 

10 

77 

45.0 

34.6 

39 

82 

45.5 

36.8 

0 

175 

mm 

68.0 

3 

160 


67.2 

10 

140 


63.7 

1 

59 

52.0 

30.7 

5 

57 

33.5 

19.1 

12 

62 

32.7 

20.3 

21 

97 

34.2 

32.2 

0 

157 

25.6 

40.4 

13 

166 

24.8 

41.2 

2.3 

141 

27.8 

39.2 

36 

153 

19.5 

29.8 

0 

120 

28.5 

34.2 

14 

118 

28.0 

33.0 

27 

126 

31.0 

39.1 

15 

132 

38.7 

51.1 

29 

128 

42.6 

54.5 

41 

128 

40.1 

51.3 

15 

132 

38.7 

51.1 

29 

128 

42.6 

54.5 

41 

128 

40.1 

51.3 


Per cent of radioactive data 


Retained .Available Regen. 























ACD-1 


.32 

3.3 

34 
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REUTILIZATION OF IRON FROM 
NON-VIABLE STORED ERYTHROCYTES 



PERCENT OF IRON AVAILABLE 

Fig. S. Re-utilizatiok of Iron from Non-Viable Stored Erythrocytes 
The percentage of radio-iron derived from hemoglobin from liberated non-viable 
tagged transfused erj^hrocytes found in intact circulating red cells (re-utilized) in 
relation to the percentage of total transfused cells removed from circulation (avail- 
able) . About 60 per cent of the available iron is economized. 

Symbols refer to the following blood presematives : 

• = ACD-1 0 = De Gowin’s solution 

O = McGill solution ■ = Cells in 10 per cent com syrup 

O = Parpart’s solution □ = Cells in 0.85 per cent saline. 


mitting measurement of maximum rc-utilization. 
Significant data from these experiments are shown 
in Table II. In 5 of the series the cells were trans- 
fused as whole blood ; in 3 as resuspended cells. 
The quantity of cells given was small, ranging from 
19 to 68 ml., averaging 41 ml., the contained he- 
moglobin, averaging about 15 grams. Individual 
circulating red cell volumes were from 1.7S0 ml. 
to 2,520 ml., averaging 2,214 ml. Survival was 
from 100 to 17 per cent. 

The method of computing the percentage of 


transfused cells retained, in circulation and re- 
generated, has been described elsewhere (5). The 
percentage of iron available for resynthesis is taken 
as the arithmetic difference between 100 per cent 
and the percentage retained. These values arc 
listed in Table II, together v.-ith the percentage of 
available iron actually re-utilized. 

The percentage of iron re-iitilizcd i.< plotted 
against the per cent available, in Figure 5. It is 
apparent that about % of the iron df>es eventually 
return to the blood stream in the hemoglobin of 
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new circulating red cells and that this percentage 
is relatively constant within the range of the dosage 
given. Forty ml. of cells contain about 50 mgm. 
of iron. Hence the iron administered as defunct 
cells ranged from 0 to 40 mgm. 

Hahn, ef al (6) have demonstrated that the ab- 
sorption of radioactive iron from the normal gas- 
trointestinal tract, as measured by the amounts 
detectable in circulating red cells, is extremely 
small. Cruz (7) also found that radio-iron liber- 
ated from hemoglobin from destroyed red cells was 
utilized nearly quantitatively even in the presence 
of normal iron reserves. It is of considerable in- 
terest that iron given intravenously, as hemoglobin 
in non-viable cells, is utilized approximately 20 
times as efficiently as when iron is given orally. 

Sufficient data are not available at present to de- 
termine the efficiency of utilization when larger 
amounts of hemoglobin iron are made available. 
In many experiments, however, in :^hich full 
transfusions of very much deteriorated cells were 
given, the recipient’s circulating red cell radio- 
activities have shown utilization of front 10 to 30 
per cent of the available iron on the fifth post-trans- 
fusion day. Since % of the per cent available 
utilized is usually present on the fourth to seventh 
post-transfusion day, this would suggest excellent 
economy of quantities at least 10 times those dealt 
with in the above experiments. 

CONCLUSIONS 

(1) Non-viable stored human erythrocytes are 
rapidly removed from the blood stream after trans- 
fusion. 

(2) The rate of removal of non-viable cells 
varies inversely with the percentage survival of 
the transfused tagged cells. 

(3) At or above 80 per cent survival, non-viable 
cells are completely removed in 24 hours; below 
this survival level, loss of non-viable cells may 
continue into the second post-transfusion day. 


(4) At any survival level, the majority of non- 
viable cells are removed from the blood stream 
during the first 2 hours after transfusion. 

(5) On theoretical and practical grounds 70 per 
cent retention of all transfused cells may be con- 
sidered the lowest safe survival level. 

(d) The bodily economy of iron derived from 
the hemoglobin of non-viable cells is such that the 
utilization is about 20 times that of equivalent 
amounts of iron given orally. 
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The successful establishment of a military whole 
blood transfusion service is dependent upon re- 
ducing damage to the cells from mechanical agita- 
tion incident to land, sea, and air transportation 
to a minimum. Robertson (I) successfully trans- 
ported whole blood in Rous-Tumer solution by 
ambulance for short distances in World War I. 
Blood from civilian donor centers was shipped to 
front lines during the Spanish Civil War (2). 
Maycock has reported on the use of blood trans- 
ported in refrigerated trucks during the Battle 
of Flanders (3). During the invasion of Europe 
blood banks were in operation in many theatres, 
blood being obtained from military personnel, a 
necessarily limited source of supply. 

The establishment of the American Red Cross 
Blood Donor Sendee, taking blood for processing 
of plasma, afforded a potentially adequate supply 
source, provided blood could withstand shipment 
across the Atlantic and far out into the Pacific 
oceans. The distances involved were so great that 
air transport was the only feasible means of trans- 
portation that would get blood to medical per- 
sonnel before it had seriously deteriorated. 

It was obvious that only the best known whole 
blood presen'atives would suffice, and 2 solutions, 
Alsever’s (4) and acid-citrate-dextrose (5), were 
under consideration by the Armed Forces at the 
time this studj' was undertaken. The comparative 
value of these 2 solutions for depot storage under 
constant refrigeration has been reported (6), ACT) 
being superior to Alsever’s. The survival of these 
cells in these preservatives after long-range ship- 

‘ The v.-ork described in this paper v.-as done under a 
contract, recommended by the Committee on Medical Re- 
search, between tlie Office of Scientific Research and De- 
velopment and the ifassachnsetts Institute of Technology, 
in collaboration with the Peter Bent Brigham Hospital. 


ment, with and without controlled refrigeration, 
was not, however, known. 

De Gowin (7) in 1941, transported whole blood 
in a modified Rous-Tumer solution in vacuum 
collecting bottles for distances up to 720 miles by 
automobile, and up to 3,500 miles by airplane. 
The bottles were refrigerated with cracked ice 
which was replaced, if melted, every 12 hours. 
These bloods were transfused without reactions, 
although no post-transfusion survival studies were 
made. Marked destruction of cells as evidenced 
by hemolysis did not occur. Kendrick, ef al (8) 
concluded that “blood collected in Alsever’s solu- 
tion, after adequate pre-chilling (24 hours), 
could be flown unrefrigerated for 24 hours from 
the United States to the United Kingdom and 
would be safe to use for 21 days after collection, 
that is, when the blood is refrigerated continuously 
following its arrival in the United Kingdom.” 

These experiments were designed to define the 
optimal temperature of refrigeration and the effect 
of uncontrolled refrigeration both during depot 
storage and during land and aerial transportation. 
The effects of extreme ranges of temperature, 
from — 4° C. to -f 40° C., were studied in bloods 
in both ACD-1 and Alsever’s solutions stored in 
depots. Since the problem of successful transpor- 
tation involved the determination of adequate 
refrigeration range, experiments were conducted 
in which bloods were transported by air both un- 
der controlled and uncontrolled refrigeration. 

The method of measuring post-transfusion sur- 
vival by means of 2 isotopes of radioactive iron 
has been preriously described (9, 10). 

DEPOT STORAGE EXPEPJMEXTS 

In all these experiments blood from the same donor 
was taken^in equal amounts into both solutions (excej)t 
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Experiments 51 through 55), and aliquots of cacli were 
transfused after storage for equal periods of time un- 
der identical temperature conditions. 

Experiments 65 (Alsever) and 66 (ACD) 

The aliquots of blood were stored at 4° C. for 4 hours 
and then removed to a constant temperature apparatus 
and kept at —4° C. for 24 hours. They Avcrc then re- 
turned to storage at 4° C. until transfused, the blood in 
ACD at 8 days and that in Alsever’s solution at 9 days 
after drawing. Each transfusion contained about 50 ml. 
of cells. The blood did not freeze and there was only 
slight hemolysis in the supernatant fluid. Survival in 
both experiments was about 75 per cent. Neither re- 
cipient experienced any reaction. 

Experiments 57, 59, 61 (Alsever) and 56, 5S, 60 
(ACD) 

The aliquots of this blood were kept at 4° C. through- 
out the whole storage period and were transfused at 11, 
15, and 21 days after drawing, described above in the 


.section on whole blood preservatives. Survival in both 
solutions was satisfactory (70 per cent or better) up to 
21 days. 

Experiments 65 (Alsever) and 62 (ACD) 

Bloods were stored 46 hours at 4° C, then allowed to 
stand at room temperature (20 to 25° C.) for 24 hours, 
and returned to storage at 4° C. until transfused 18 days 
after drawing. Each transfusion contained about 100 
ml. of cells. The recipient of the ACD blood had a mild 
transient febrile reaction, and rabbit pyrogen test on the 
supernatant was positive. The other recipient had no re- 
action and the pyrogen test was negative. Survival of 
blood in ACD was better than that in Alsevcr’s, but both 
were less good than was obtained for bloods in both solu- 
tions stored at 4° C. for 18 days. 

Experi)nc)tts 67 (Alsever) and 64 (ACD) 

Bloods were stored at 4° C. for 4 hours, then trans- 
ferred to an incubator where they remained at + 40° C. 
for 24 hours, and returned to storage at 4° C. until trans- 
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Fig. 1 

Figures within circles indicate the days bloods were at, above, or below the optimal (control) range. In all in- 
stances tlie bloods were returned to storage at 4 to 6° C. after exposure to the test temperatures. Aerial transpor- 
tation, with adequate refrigeration, is not deleterious. Lack of adequate refrigeration is deleterious both during aerial 
transport and subsequent optimal refrigeration. Exposure to room temperature for even short periods is harmful. 




STORAGE TEMPERATURE AND RED CELL PRESERVATION 

WHOLE BLOOD IN ALSEVER’S SOLUTION pH 6.8 


21 DAYS 



DAYS OF STORAGE 

Fig. 2 

All aliquots of blood in Alsever's solution were drawn from the same donor. Storage for 4 days at room tem- 
perature (20 to 25° C.) initiated deteriorative changes, as evidenced b}' the superior (25 per cent ) sundval of the 
aliquot in depot storage at 4° C. for 4 days, the rate of which was not retarded by subsequent refrigeration at 4° C. 


fused 8 days (Alsever's) and 7 days (ACD) after draw- 
ing. Each transfusion contained about 80 ml. of cells. 
The supernatants of both bloods were deeply hemolyzed, 
but neither recipient had a reaction. Virtually no radio- 
active cells were found in the blood stream of either re- 
cipient 24 hours after transfusion. 

The survival data obtained in these depot storage ex- 
periments are shown in Figure 1. 

Expcriiiicitts 51 through 55 (Alscz'cr') 

These e.xperiments were designed to determine whether 
deteriorative changes that might occur at room tempera- 
ture could be arrested by subsequent storage at lower 
ranges. 

Blood from 1 donor was taken into Alsever's solution 
and divided into 5 equal aliquots. Three of tliese were 
transfused after storage at 4° C. for 4, 12. and 21 days 
atter drawing. .Another was transfused after storage at 
room temperature (20 to 25° C.) for 4 days. The other 
wn.s kept at room temperature for 5 days, then stored at 
4° C., and transfused 12 days after drawing. Each trans- 
fusie>n contained about rO ml. of cells. Xo reactions oc- 
curred. 


As shown in Figure 2, survival after 4 days at room tem- 
perature was markedly less than after 4 days at 4° C., and 
even worse after subsequent refrigeration at 4° C. for 7 
additional days than was the control stored at depot 
temperature. 

TRANSPORT.VTION e.kperi .ments 

Two series of experiments were carried out; in one, 
blood uas taken into .ACD and transported under con- 
trolled refrigeration," while, in tire other, bloods in both 
ACD and -Alsever's solution were transported under un- 
controlled refrigeration.^ In both e.xperiments, the bloods 
were flown about 6,000 miles, in the first overland and in 
the second overseas. 


- This experiment was undertaken at the request of ti'.e 
U. S. Xavy, Medical Coqis, in cooperation with Capt. 
I.loyd Xewhouscr, U.S.X., M.C. 

- This experiment was undertaken at the nque-t of tlie 
C. S. .Army. Medical I orp-. in ci''ipvr.'niiin v.itii ( .'gi;. 
John Elliott, .A.L’.S., Sn.C., Capt. Jo:;n Keici-.ei, -A.U.S., 
M.C., and Capt. Ellis Vaubel, .A.L'.?., M.C. 
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Controlled refrigeration. E.vpcrinicnts 68 through 

77 

Full bleedings (480 ml.) were taken on the same day 
from each of 10 group 0, Rh positive radioactive donors 
into standard 600 ml. vacuum bottles containing 120 ml. 
of ACD and were immediately refrigerated at 4° C. The 



Fig. 3A. Refrigerator Used for Aerial Transport of 
Wfiole Blood in ACD-1 

The temperature-sensitive element of the gas-filled re- 
cording thermometer was fixed in position in close prox- 
imity to the bottles of blood. Note also the dioxane in- 
dicators fastened to the bottle necks. 



Fig. 3B. Refrigerator Used for Aerial Transport of 
Whole Blood ACD-1 

Bristol recording thermometer, mounted on icebox. A 
continuous recording was obtained during the 5 days en 
route. 



Fig. 3C. Refrigerator U.sed for Aerial Tra.vsport of 
^^'^OI.E Blood .'\CD-1 

Refrigerator on return from Oakland, California. 


refrigerator (Figure 3) in which these bloods were trans- 
ported was made for this experiment at the Xaval Medi- 
cal Center, Bethesda, Maryland, and consisted of an in- 
sulated wooden chest, with 12 compartments for blood 
bottles and a single large central compartment for water 
ice and a tightly fitting insulated cover. A Bristol gas- 
filled recording thermometer was attached to the refriger- 
ator in such a way that the thermal element lay between 
the 2 rows of bottles. A thermal indicator was attached 
to the neck of each bottle. These were “L” shaped glass 
bulbs containing dioxane, the melting point of which is 
-f 10° C. They were frozen with the dioxane all in 1 
arm of the tube and so mounted on the bottle that the 
frozen arm was uppermost. E.xposure to temperatures 
above 10° C. melts the dioxane which then flows into the 
lower arm, where it remains even though re-frozen. 

This shipment of blood went by National Air Trans- 
port Service from the East Boston Airport to the Na- 
tional Airport at Washington ; from there to Oakland, 
California, and was returned by National Air Trans- 
port Service from Oakland directly to Boston. The 
package was placed in a cold room at the Naval Medical 
Center in Bethesda, Maryland, and also at Oakland while 
awaiting air transportation. The time elapsed between 
leaving from and returning to Boston was 122 hours. 
The package was in flight 22 hours, and in mechanical 
refrigerators for 34 hours. During the remaining 66 
hours, the only refrigerant was the ice in the box itself. 
The box was re-iced once in Oakland during the S-day 
trip. The distance covered by air was about 6,000 statute 
miles. 

The recorded temperatures (Figure 4), when cor- 
rected for variations in altitude during flight, did not ex- 
ceed 15° C. at any time during the trip, and 6 of the di- 
o.xane indicators were melted and 4 still frozen, with the 
dioxane in the upper arm of the tube, on arrival. They 
were promptly returned to depot storage at 4° C. 

The condition of these bloods, as determined by in 
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TABLE I 

Condition of human erythrocytes transported in A CD and 
Alsever's solution under continuous and inter- 
mittent refrigeration, as deter- 
mined by in vitro tests 


Exp. 

no. 

Days 

since 

drawn 

Transfused 

1 

Totat 

Hb 

Supernatant 

1 

Cells 
hem. 
in 0.6 
per 
cent 
NaCl j 

Sur- 

vival 

by 

radio- 

iron 

1 

Whole 

blood 

Red 

cells 

Hb*| 

! 

Cells 

hemo- 

Iyzed**i 

pH 



ml. 

i 

Dll. 


mgm.l 
per 
cent j 

per 1 
cent 1 

! 

1 

1 

per 1 
cent : 

per 

cent 


Continuous refrigeration 4 to 10'“ C. — ACD 


68 

7 

563 

220 

65.3 



7.04 

18 

94 

69 

8 

542 

247 

70.2 

36 

0.15 

7.17 

•10 

89 

70 

11 

552 

243 

65.8 

196 

0.92 

6.97 

12 

90 

71 

12 

556 

233 

'66.3 

19 

0.07 

6.94 

12 

87 

72 

IS 

538 

230 

67.0 

51 

0.24 

6.97 

15 

81 

73 

16 

565 

253 

72.5 

58 

0.25 

7.20 

24 

83 

74 

20 

558 

234 

56.6 

74 

0.42 

7.02 

26 

81 

75 

21 

568 

246 

68.8 

112 

0.52 

7.01 

18 

83 

76 

25 

326 

150 

38.7 

115 

0.52 

6.95 

22 

72 

77 

26 

284 

125 

27.6 

159 

0.44 

7.12 

28 

78 


Intermittent refrigeration 4 to 15° C. — Experiments 78, 80 
in Alsever's; 79, 81 in ACD 


78 

19 

1 

575 

161 

44.3 

79 

0.75 

6.70 

50 

27 

79 ! 

20 1 

366 

156 

41.3 

1661 

0.85 

6.70] 

63 1 

13 

80 

23 

515 

151 

40.8 

109 

1.09 

,6.65 

83 

10 

81 

24 

285 

122 

1 

31.6 


1 

6.80 

1 

70 

9 


* Determined by hemochromogen technic. 

** Percentage of total cells corresponding to quantity of 
hemoglobin in supernatant by the equation 


per cent cells hemolyzed = 

ml. supernatant X Hb. in mgm. per cent 
Total Hb. in mgm. 

vitro studies carried out just prior to transfusion, is shown 
in Table I, Very little hemolysis had occurred, amounts 
present in the supernatant of a centrifuged sample repre- 
senting hemolysis of less tlian 1 per cent of the total cells 
drawn. The pH of the supernatants ranged from 12. to 
6.94. Fragility tests showed from 10 to 28 per cent he- 
molysis in 0.6 per cent XaCl. 

These 10 bloods were transfused into group A, Rh 
positive individual recipients, each of whom had previously 
been bled SOO rah, at intervals of from 7 to 26 days after 
drawing. All the blood in the bottle was given except 
in the cases of the 25- and 26-day-oId bloods in which 
about 16 of the contents u'as given. Two recipients, with 
allergic histories, experienced anaphylactoid reactions, and 
3 exhibited symptoms which could be attributed to rapid 
breakdomt of red cells. Subsequent analysis of data in 
one of these receiving a high litre blood, indicated that 
his own cells had been destroyed (10). 

As shown in Table I and Figure 1. the post-transfusion 
survi\'al of these bloods was not less than SO per cent up 


to 21 days after drawing, and not less than 70 per cent 
in the two oldest bloods. 

Uncontrolled refrigeration. Experiments 78, 80 
{Alsever) ; 79, 81 (^ACD) 

Five hundred ml. of whole blood from each of 5 donors 
were taken into 500 ml. of pre-chilled Alsever’s solution 
in standard 1,000-ml. vacuum bottles, and 480 ml. of whole 
blood from each of 5 donors into 120 ml. of pre-chilled 
ACD in standard 600-ml. vacuum bottles. All donors 
were group O, Rh positive, and were bled the same day. 
The bloods were refrigerated immediately after drawing. 
The bottles were prepared for shipment in a manner simu- 
lating that in routine use at the time by the Army Medi- 
cal Corps for overseas aerial transport. They were re- 
placed in the manufacturer’s cartons which were then 
wrapped in heavy brown paper and sealed with gummed 
tape. Just prior to this,' a dioxane. (M.P. 10° C.), ca- 
prylic acid (M.P. 15° C.) and a water (F.P. —2° C.) 
thermal indicator was attached to the neck of each bottle. 
The 2 cartons, one containing blood in Alsever’s and the 
other blood in ACD, were fastened together and placed in 
a light wooden box attached to the same recording ther- 
mometer used in the previously described experiments, 
the thermal element being enclosed within the cartons. 

This shipment was flown from Boston to La Guardia 
Field, M. Y., and thence by Air Transport Service to 
Paris, where it arrived 6 days later. The recorded tem- 
perature was 15.6° C. and the package was refrigerated 
at 3.3° C. in Paris, for 31 hours. It was then flown back 
to La Guardia Field where it was again refrigerated un- 
til returned to Boston. It was en route 11 days. No re- 
frigeration was used during air passage. 

Immediately on arrival the bottles were refrigerated at 
4° C. All of the dioxane, 5 of the caprylic acid, and all 
of the water indicators were melted. The exact number 
of hours the package had been in flight, in refrigerators, 
or unrefrigerated is not known. The graph of the re- 
cording thermometer was blurred so that no readings 
could be obtained. 

The conditions of these bloods, as determined by in 
vitro tests carried out just prior to transfusion, is shown 
in Table I. Verj- little spontaneous hemolysis occurred. 
The pH of the supernatants ranged from 6.65 to 6.80, and 
hemolysis in 0.6 per cent XaCl from 50 to 83 per cent. 

Two bloods in half amounts in Alsever's were trans- 
fused at 19 and 23 days, and 2 in ACD at 20 and 24 days 
after drawing. Each transfusion contained about 125 ml. 
of cells. The remaining bloods were not transfused. 
One recipient experienced moderately severe sjmptoms 
of rapid breakdown of cells but without lasting sequelae. 
Post-transfusion survisal ranged from 9 to 27 per cent, 
as shown in Figure 1. 

DISCCSSION 

It is undent from Figure I tiiat the optiiual sur- 
vival of cells in both solutions, iu depot .'torage. 
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DAYS IN TRANSIT 

Fig. 4. Bloods in Both ACD-1 and Alsever’s Solution Were Transported by Airplane About 6,000 Miles as Described in the Text 
The cross-hatched bars indicate the time elapsed from leaving and returning to our laboratory ; the open bars, the period in depot storage at 4° C. after 
return. The survival of the bloods transported under controlled refrigeration was equal, at any given observation period, to that of whole blood in ACD-I 
in depot storage at 4 C. None of the bloods transported under uncontrolled refrigeration were fit for transfusion, in spite of a period of depot storage at 

AO n * 
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was obtained in the series stored at 4° C. Slight 
deterioration was evident in the cells stored at — 
4° Cr, much more at room teniperature, while com- 
plete deterioration occurred at + 40° C. The re- 
sults obtained in Experiments 51 through 55 indi- 
cate that once deterioration is initiated at room 
temperature, it is not retarded by subsequent stor- 
age at lower temperatures, as shown in Figure 2. 
The data in Figure 2 also indicate a slightlj" supe- 
rior abilit}' of cells in ACD to stand up under ad- 
verse thermal conditions than in Alsever’s solution. 

It is apparent that controlled refrigeration at not 
over 10° G is an essential for the satisfactory 
presentation of cells during transportation.'* No 
significant deterioration of cells in ACD-1 re- 
sulted from the mechanical agitation incident to 
land and air travel, in the experiment in which 
temperature was maintained with a fair degree of 
constancy at about 10° C., since the survival after 
5 days of travel and 16 days of subsequent refrig- 
eration was as good as that obtained for blood in 
the same solution after depot storage for a similar 
period. 

It is also evident that lack of constant refrigera- 
tion had extremely injurious effects on red blood 
cells taken in either ACD or Alsever’s solutiort. 
The results that would-^iave been obtained had 
tlie transportation period been 11 days instead of 
5 in the first expetiment cannot be known, and 
unfortunately none of the bloods shipped without 
controlled refrigeration could be transfused until 
19 days after drawing. It was stated above that 
deterioration is accelerated at temperatures in the 
region above 15° C. and that this rapid deteriora- 
tion is not slowed by subsequent cooling. The ex- 
cellent preservation of the ACD bloods would tliere- 
fore suggest that little damage was done during 
transport, since the bloods were in depot storage 
for from 2 to 21 days after their return, ample time 
for progressive changes to have continued, had 
the}' been initiated during flight. 

Evidence was obtained that, in the second e.x- 
periment, the temperature around the bottles had 
exceeded 15° C. (melted capiylic acid indicators), 

* The authors wish to state clearly tliat no adverse 
criticism of the performance of the U. S. -Army M.C. in 
flying thousands of bloods in .Alsever's solution to E.T.O. 
is implied. The experiments cited do, however, illus- 
trate the effects of 2 different ranges of temperature con- 
trol during transportation. 


and itinerar}' records obtained make it clear that 
the package was exposed to temperatures as low 
as 4° C. at various times. Hence, the bloods were 
subjected to a fluctuating rather than evenly main- 
tained temperature. It seems probable that 
marked damage was initiated during transporta- 
tion and continued during subsequent depot stor- 
age. 

Because of the extreme degeneration, no com- 
parison behveen the value of the 2 preser\'atives 
during transportation at high temperatures can be 
made. 

In a previous paper (11), we stated that no 
serious danger to a recipient need result from a 
full transfusion of stored blood of which at least 
70 per cent of the cells remained viable, since the 
rate of destruction of the non-viable cells was 
slow, but that hemolysis of cells might occur at a 
rate and in quantities sufficient to raise the plasma 
hemoglobin level well above the renal threshold 
if less than 70 per cent of the transfused cells were 


RATE OF RED CELL DESTRUCTION 
IN RELATIONSHIP TO 
PERCENTAGE OF SURVIVAL 



MINUTES AFTER STARTING TRANSFUSION 
Fig. S. Rate of Red Cell Destbcctiox ix Relatiox- 

SHIP TO PeECEXTACE OF SURVIVAL 
The rate of removal of non-viabic tagged cells from the 
blood stream was far less in the refrigerated bloods, the 
preservation of which was goo-l. than in tlie intermit- 
tently refrigerated bloods, the preservation of which was 
poor. The figures in the circles refer to the n-umber of 
days elapsed from dra-.s-ing to transfusion of blood. 
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viable. Figure 5 shows the rate of disappearance 
of cells from the recipient’s circulation in both 
ACD-1 and Alsever’s solution, transported under 
adequate and intermittent (inadequate) refrigera- 
tion. It is evident that the greater part of the non- 
viahle cells are eliminated during the first 4 hours 
after transfusion and that a heavy hemoglobin 
load may have been placed on those subjects who 
received the inadequately refrigerated bloods. 

The in vit7‘o tests were of some value. The re- 
lationship of survival as measured by radio-iron 
and as predicted from changes in osmotic fragility 
( 100 per cent — per cent hemolysis in 0.6 per cent 
NaCl) was quite good. The supernatant of the 
refrigerated bloods was slightly alkaline or acid, 
that of the intermittently refrigerated bloods defi- 
nitely acid, reflecting a greater production of or- 
ganic acids in the latter. 
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Fig. 6 

No correlation between the degree of spontaneous he- 
molysis, as evidenced by the concentration of hemoglobin 
in the supernatant plasmas, and the post-transfusion vi- 
ability of the non-hemolyzed cells was observed in these 
experiments. The absence of supernatant hemolysis is 
no criterion of transfusibility. It does not follow that badly 
hemolyzed bloods can be safely transfused. 


A striking fact is the complete lack of correla- 
tion between the degree of hemolysis and the 
measured survival. This is clearly shown in Fig- 
ure 6. Supernatant hemoglobin ranged from 30 
to 196 mgm. per cent in the refrigerated bloods, 
and from 79 to 166 in the intermittently refriger- 
ated bloods, and yet survival was excellent in the 
former and extremely poor in the latter series. 
This does not imply that markedly hemolyzed 
bloods will have good sundval but does demon- 
strate that absence of spontaneous hemolysis is no 


indication that stored blood in citlier ACD-1 
Alsever’s solution is fit for transfusion. 

CONCLUSIONS 

(7) Refrigeration is an absolute essential f 
preservation of human erythrocytes drawn i 
whole blood in either ACD-1 or Alsever’s solu 
tion. 

(2) The optimal range for depot storage lies be- 
tween 4° C. and 10° C. 

(3) Exposure to temperatures below — 4° C. or 
above 10° C., even for a 24-hour period, increases 
the rate of in vitro deterioration ; and this rate is 
markedly accelerated at temperatures above 15° C. 

(4) The rate of deterioration resulting from 
storage at temperatures outside of the optimal 
range is not retarded by subsequent storage at 4 
to 6° C. 

(5) Whole blood in ACD-1 was transported 
under refrigeration within the optimal tenapera- 
ture range for 6,000 miles by air ; and post-transfu- 
sion survival was as good up to 26 days as whole 
blood in ACD-1 maintained in depot storage at 
4° C, for a similar period. 

(6) Transportation of blood in either ACD-1 
or Alsever’s under variable temperatures 4 to 15° 
C. may lead to rapid deterioration of cells in spite 
of subsequent storage at the point of arrival under 
optimal refrigeration. 

(7) The absence of spontanoQus hemolysis in 
bloods transported under controlled or intermit- 
tent refrigeration should not be regarded as evi- 
dence that such bloods can be safely trans;f^ised. 
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Heretofore all attempts to demonstrate protec- 
tive antibody in antitularense serums have failed 
whenever animals were challenged with a strain 
of high virulence. 'Previous test animals have been 
the mouse, guinea pig, hamster, and rabbit. 
Sources of immune or hyperimmune serums were 
goats, horses, sheep, rabbits, and man. Our con- 
siderable unpublished experience with these ani- 
mals and serums is in good agreement with the re- 
ports of Francis and Felton (1) and Bell and 
Kahn (2). If injected with serum before chal- 
lenge these animals will usually exhibit significant 
prolongations of the survival time beyond that of 
control animals, but no actual survivals against as 
little as 1 to 10 M.L.D. of a virulent challenge 
strain. 

The inability to demonstrate serum protection in 
these highly susceptible animals has contributed 
to a widespread but unfounded belief that im- 
mune and hyperimmune serums are ineffective 
therapeutic agents in human tularemia. Although 
reports by Foshay (3, 4) on the results of serum 
therapy in individual patients, as well as analyses 
of accumulated data derived from the independent 
observations of more than 600 clinical observers, 
have continued to demonstrate significant reduc- 
tions in mortality and highly significant reductions 
in morbidity in comparison with comparable data 
from untreated patients, universal acceptance of 
the value of serum therapy has been impeded by a 
lack' of suitable means to demonstrate protective 
antibody and to establish quantitative criteria for 
potency. The work here reported was under- 
taken to supply these deficiencies. 

The inability of the highly susceptible mouse, 
guinea pig, hamster, and rabbit to react with any 
useful degree of resistance before death occurs 
following infection with a single virulent unit of 
Bacterium tularciisc makes these animals unsuit- 
able test hosts for serum protection experiments. 


The reasons for this inability, obviously inoperative 
for many other infectious agents under similar con- 
ditions of testing, are unknown at present. The 
reactions of these animals to invasion are quite un- 
like that of man, for whom there is ample evidence 
that the great majority rapidly develop a high de- 
gree of resistance, resulting in a disease that is 
characterized clinically by a low mortality and, 
pathologically, by tissue reactions that soon ex- 
hibit subacuteness and chronicity. 

During the course of the initial investigations on 
this disease, McCoy (5) noted that rats, both gray 
and white, were highly resistant to cutaneous in- 
fection and considerably resistant to subcutaneous 
inoculation. Infection was proved by demonstra- 
tion that the spleens of rapidly recovered rats 
harbored the virulent organisms. Since the reac- 
tion to invasion by the rat more closely approxi- 
mates that of man than do those of other laboratory 
animals, the rat was chosen as the test animal for 
serum protection studies. 

MATERIALS AND METHODS 

Rats. All rats employed were of the Wistar strain. 
Special care was taken to secure groups of animals of 
similar weight in order to insure uniformity of results. 
The permissible variation in weight was from 70 to 115 
grams, and the great majority varied between 85 and 110 
grams. 

Challenge strain. The strain of Bacterium tularensc 
used was the highly virulent strain SCHU, which had 
been studied extensively and had been maintained fre- 
quently in animal passage since its isolation in 1941. Its 
subcutaneous LDco titers for mice, guinea pigs, and rabbits 
varied from 9.1 to 9.7/0.5 ml. The LD GO titers were de- 
termined by the method of Reed and Muench (6). They 
are expressed as the logarithms of the dilutions, disre- 
garding the minus sign. 

Challenge suspensions. Challenge suspensions were 
prepared from the second of 2 consecutive 16-hour sub- 
cultures on glucose glycerol cystine human blood agar.' 
The growth was placed in physiological salt solution and 


suspended evenly by means of a fine bore pipette. Each 
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suspension was adjusted to a turbidity of 40 micro- 
amperes (M.A. 40) in 18-mm. tubes by means of a re- 
flecting photoelectric comparator. These 10° suspensions 
were used to make serial decimal dilutions in physiological 
salt solution. 

Challenge dose. The challenge dose for all rats was 
1 ml. of M.A. 40 X 10^ dilution, administered subcu- 
taneously. Many plate counts made by the method of 
Downs, Coriell, Chapman, and Klauber, as well as nu- 
merous virulence titrations in mice, showed that the MJ^. 
40 suspension contained from 2.5 to 3 billions of viable 
organisms per ml. Hence, the challenge doses contained 
at least 25 millions of viable, virulent organisms. 

Serums. The serums used had the following histories. 

A. Hyperimmune goat serum, pooled from bleedings 
of 4 bucks that had been inoculated intravenously 3 times 
a week for 5 months with saline suspensions of living 
strain SCHU. The initial agglutinin titer was 1 : 20,480 ; 
at the time of rat testing it was 1 ; 5,120. The unconcen- 
trated serum, preserved with merthiolate to 1 : 30,000, had 
been stored in 60-ml. quantities at 5° C. This serum was 
15 months old at the time of the first protection test. 

B. Hyperimmune goat serum, pooled from bleedings of 
3 bucks that had been inoculated subcutaneously 3 times a 
week for 1 month with saline suspensions of living strain 
SCHU. Each of these animals had been inoculated in- 
travenously during the previous year, for preparation of 
serum A. The initial agglutinin titer was 1 : 10,240 -f ; at 
the time of rat testing it was 1 : 1,280. Unconcentrated 
serum was preserv'ed with merthiolate to 1 : 30,000 and 
held in 60-ml. quantities at 5° C. This serum was 4 
months old at the time of the first test. 

C. Hyperimmune horse serum No. 50737, obtained 
from Sharp & Dohme; pooled from 8 bleedings of 1 
horse. This animal had been inoculated intravenously 
twice a week with formalin-killed suspensions of strain 
SCHU for 11)4 months during 1942. During 1943 it 
was inoculated intravenously 3 times a week for 2 months 
with suspensions of living strain SCHU and, similarly, 
with living suspensions for 4 months during the next year. 
Thereafter, in order to avoid infection of unprotected 
personnel, formalin-killed suspensions of this strain were 
injected intravenously as maintenance doses during the 
first half of the bleeding period. During the second half 
of this period maintenance inoculations consisted of in- 
travenous injections of phenol-killed whole cultures of 
strain SCHU in a semisynthetic soybean h 3 ’drolyzate 
liquid medium. Both unwashed killed suspensions con- 
tained about 2.5 billions of bacteria per ml., and in- 
cluded the minute minimal reproductive units of the 
organism. The weekly dosage was 2 ml. At the time 
this unconCentrated serum u-as tested its pooled bleeding 
aliquots varied in age from 14 to 6 months, and the ag- 
glutinin titer was 1:1,280. 

D. Aged immune goat serum No. 79409, prepared in 
1940-1941 by Sharp S: Dohme by intravenous inoculations 
for S months of unwashed heat-killed suspensions of 
strains of maximal virulence. Pooled serum from 6 
goats was preserved with phenol and refrigerated in 


liquid bulk. At the time of testing it was more than 5 
years old, and its agglutinin titer was 1 : 1,280. 

E. Normal horse serum No. 51975, without preserva- 
tive, obtained from Sharp & Dohme. 

F. Normal goat serum prepared from 2 bleedings of 
an uninoculated kid born of uninoculated parents. Onci 
lot contained merthiolate to 1 : 30,000 ; the other contained 
no preservative. 

Quantitation of precipitable antibody. The precipitablc 
antibody content of serums was determined bj- the 
neutralization method of Culbertson (7). The antigen 
was a nonimmunogenic polysaccharide prepared from 
acetone extracted cells of strain SCHU by the phenol ex- 
traction method of Palmer and Gerlough (8). Antibody 
content was usually measured with antigen in steps of 10 
micrograms. Serum of low antibodj" content and dilutions 
of serums of high antibody content were quantitated with 
sharp end points with antigen increments in steps of 1 
microgram. Antibody content is expressed as mgm. of 
antigen necessary to exhaust antibody from 1 ml. of 
serum without resultant antigen excess. 

Serum protection tests. Serum protection tests were 
performed in the following manner. Rats were inocu- 
lated in groups of 30 to 32, half of each group receiving 
one of the potent serums and the other half receiving 
either the corresponding normal serum or the aged im- 
mune goat serum. Each rat was injected intraperitoneally 
with 2 ml. of undiluted serum and immediately thereafter 
with the 1-mI. challenge dose, subcutaneously, into the ab- 
dominal wall near the groin. The 2-ml. serum dosage was 
selected with reference to the agglutinin titer cuiwes of 
pooled serums from normal rats after intraperitoneal in- 
jections of an immune goat serum with a titer of 1 : 5,120. 
Rats that received 2 ml. of serum had titers of 1 : 1,280 at 
24 hours, and 1 ; 160 at 48 hours. Rats that received 1 
ml. of serum had titers of 1 : 160 at 24 hours, and zero in 
1 : 10 dilution at 48 hours. Deaths were recorded daily 
for 21 days before release. The infecting strain was re- 
covered from a rat dying on the second or third day 
from each group, and was used to infect each succeeding 
group. 

Determination of persistence of infection in the spleens 
of recovered rats. After release all recovered animals 
were held for sacrifice at weeklj- intervals from 3 weeks to 
3 months after challenge and were tested for residual 
splenic infection by cultures and by intraperitoneal in- 
oculations into mice of suspensions of ground spleens. 

EXPERIMENTAL RESULTS 

Prclhiiitiary z’iridcucc titrations in normal rats. 
Before undertaking protection experiments the op- 
timal subcutaneous challenge dose was determined 
by \-irulence titrations in normal rats weighing 70 
to 135 grams. Preliminary subcutaneous titra- 
tions in adult rats of 200 to 220 grams showed 
great irregularity of mortality in res{>ect to chal- 
lenge doses. Mortality was frequently lOO jx-r 
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cent from M.A. 40 X lO'S 10-^ 10-^ and 10'» 
dilutions, and only 20 to 60 per cent from the inter- 
vening dilutions. An increase in the number of 
rats used per dilution reduced but did not dispel 
this irregularity. Although rats are highly sus- 
ceptible to intraperitoneal challenge, yielding LD.,„ 
titers/1 ml. equivalent to those obtainable in mice 
injected either S.C. or I.P./0.5 ml., there is great 
variation in natural resistance among individual 
rats that are challenged subcutaneously, and this 
variable resistance apparently increases with age. 
Subcutaneous titrations in weight groups of 75 to 
95 grams and of 95 to 115 grams revealed less ir- 
regularity due to variable individual resistance and 
gave separate LDjo titers of 6.4. 

The cumulative mortalities and LDr.^ titers 
from 6 titrations in rats weighing from 70 to 135 
grams are shown in Table I. The LD^.o titers for 
the separate titrations were 7.6, 8.4, 5.6, 5.2, 8.0, 
and 6.0, and the cumulative LDr,o titer was 6.4. 
This titer became stabilized between 6.3 and 6.5 
only after 90 rats were used. The cumulative in- 
traperitoneal mortalities and LD^o titers for rats 
weighing 70 to 210 grams, with separate titers of 
9.3, 8.6, 9.5, 9.7, and 8.4, were obtained from simul- 
taneous titrations with the same dilutions used for 
the subcutaneous titrations. The cumulative in- 
traperitoneal titer of 9.3 indicates that the rat is 
about 1,000-fold more resistant to subcutaneous 
challenge than to intraperitoneal challenge. The 
relatively minor differences among the intra- 
peritoneal LDpo titers indicate that the greater 
variability observed among subcutaneous LD^o 
titers was caused by differences in individual re- 
sistance among rats, and was not owing to lack 
of uniformity of the separate M.A. 40 suspensions 


or to errors in decimal dilutions prepared from 
them. The comparison between subcutaneous and 
intraperitoneal virulence titrations in mice, many 
performed simultaneously with the same dilutions, 
shows that the mouse does not exhibit differences 
in resistance dependent upon the route of challenge 
and that the total lack of resistance to experimental 
infection was shared by all mice. 

Since 2 consecutive subcutaneous virulence 
titrations in the variably resistant rat, 30 and 39 
animals being used, with simultaneous intraperi- 
toneal titrations with 9 rats each, gave subcu- 
taneous LDco titers of 8.0 and 5.2, and intraperi- 
toneal titers of 8.4 and 9.7, respectively, it became 
apparent that virulence titrations, if performed 
simultaneously with serum protection tests, and 
with fewer than 90 rats per titration, would not 
permit calculation of the actual challenge doses 
received by the protected rats. Calculations made 
from the separate subcutaneous titrations showed 
that the challenge dose used in protection experi- 
ments might have varied from 1,600 to 250,000 
LDr.„ doses. Since it was not feasible to use 90 
animals for each titration and protection series, 
and since the M.A. 40 X 10"® dilution killed regu- 
larly at least 96 per cent of rats of the greater 
weight range, and at the same time permitted pro- 
tection of more than 50 per cent of animals in pre- 
liminary protection tests, the 10~- dilution was 
adopted for challenge of all rats of the narrower 
weight range in the protection experiments. For 
similar reasons it seemed advisable to express the 
challenge dose as an average in terms of the cumu- 
lative subcutaneous LD^o titer. On this basis each 
rat in the following protection experiments re- 
ceived 25,000 LDno doses. 


TABLE I 

Virtdence lilralions with slrahi SCHU in 70 to 135 grams white rats and in IS to 25 grams while mice 
Comparative mortalities and cumulative LDw titers after subcutaneous and intraperitoneal inoculation. Dosage 
was 1 mi. for rats, 0.5 ml. for mice. 


Animal 

Route 

! 

1 Decimal dilutions of strain SCHU from M.A. 40 suspension 

i 

Cumulative 
- LDm titers 

1 

lO-i 

to*’ 

to-> 

to-. 

io-« 

to-« 

10-’ 

1 

io-« 

io-» 

1 

10-10 : 

i 

Rat 

S.C. 

9/9* 

30/31 

17/20 

21/26 

15/26 

13/24 

12/24 

10/24 

4/21 

1/18 ' 

6.4 


I.p. 



1 

i 

i 


8/8 

15/16 

11/17 

2/14 

9.3 

Mouse 

S.C. 


1 

i 

1 

1 

j 

14/14 

15/15 


1/15 

9.3 


I.p. 

1 






25/25 

34/34 


9/35 

9.4 


* 9/9 = 9 of 9 animals injected died of tularemia. 
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Sennit protection of rats in relation to prccipi- 
table antibody content. The results of serum pro- 
tection experiments are given in Table II. Id- 

table ii 

Correlation between precipitable antibody content of 
antitularense serums and protective 
capacity for white rats 


No. 

of 

rats 

Group 

Serums 

Maxi- 

mal 

aggit. 

titers 

Mor- 

tality 

Sur- 

vival 

Anti- 

body 

con- 

tent 

16 

16 

A 

Hyperimmune 
goat by I.V. inoc. 

1:5120 

2/16 

2/16 

per 

unt 

87.5 

mgm. 
per ml. 

1.10 

16 

15 

B' 

Hyperimmune 
goat by S.C. inoc. 

1 

,1:1280 

6/16 

2/15 

74.2 

0.7 

16 

16 

C 

Hyperimmune 
horse by I.V. inoc. 

^ no. 50737 

1:1280 

7/16 

3/16 

68.7 

0.5 

15 

16 

D 

Aged immune goat 
by I.V. inoc. 
no. 79409 

1:1280 

9/15 

6/16 

51.6 

0.085 

15 

15 

E 

Normal horse 
no. 51975 

1:10 

15/15 

13/15 

6.6 

0.001 

15 

15 

F 

Normal goat 

0 

14/15 

15/15 

3.3 

0 


Stead of comparing each potent serum with its 
respective control serum all serums are tabulated 
in descending order with respect to precipitable 
antibody content. Each serum was tested on 2 
separate occasions, and the number of animals and 
the mortality ratios are shown for each test in 
order to indicate the residual effect of variable 
resistance among rats within a weight range of 85 
to 110 grams. These differences are negligible 
for the most potent serum and for both normal 
serums. The results showed good correlation be- 
tween survival percentages and mgm. equivalents 
of antibody content but little correlation behveen 
antibodj' content and agglutinin titers. The low 
agglutinin titer and the low precipitable antibody 
content of the normal horse serum were observed 
independently and were verified repeatedly, but 
we have no explanation for their presence. 

Isolation of the infecting strain from recovered 
rats. Mouse inoculation proved to be more re- 
liable than cultures for the recovery of organisms 
from suspensions of ground spleens. Infected 
spleens were demonstrated regularh- at 3 weeks 
after challenge, and with a frequency of 75 per cent 


at 4 weeks. Thereafter, weekly tests yielded the 
organisms only twice, from single rats, at the 
eighth and thirteenth weeks. 

DISCUSSION 

The decisive results of the serum-protection ex- 
periments demonstrated conclusively that pro- 
tective antibody was present in antitularense se- 
rums. The observed differences in mortality be- 
tw'een rats that received immune serums and 
those that received normal serums are significant 
by inspection. The degrees of significance of the 
mortality rates from groups A, B, C and D, in 
comparison vdth the rate obtained after pretreat- 
ment with normal horse serum, are extremely 
high, all values of p being so small that they are 
unimaginable figures. Since the virulence titra- 
tions in rats ha\nng a slightly higher maximal 
weight limit showed that stability was not reli- 
ably secured with fewer than 90 rats, we attach 
less significance to the observ'ed differences in 
mortality among groups A, B, C and D. Inspec- 
tion of the paired mortality' ratios for groups B, C 
and D reveals that variable individual resistance 
among rats in the narrower weight range was still 
operative. Hence, it is unlikely that significant 
differences in potency between these serums could 
be determined without using a much larger num- 
ber of rats for each serum. Analysis of the rates 
for groups A, B and C, in comparison with the 
rate from group D, showed that no difference was 
significant, though that between groups D and A 
barely escaped statistical significance. 

The protection test employed is satisfactory- to 
determine the presence or absence of protective 
antibody. In the above tests it actually gave good 
agreement between rat sur^nval and antibody con- 
tent for all serums, and it is perhaps possible that 
repetition might continue to reveal proportional 
differences in protective antibody in serums of 
graded potency in agreement with their respective 
precipitable antibody contents, but, unless larger 
numbers of animals were used for each .serum, 
conclusions about the relative potencies are not 
really justified. It is apparent from the mortality 
of rats in group D that a very small amount of 
antibody is sufficient to tip the balance heavily in 
favor of survival, even against a large challenge 
dose of a strain of maximal virulence. 
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The variable resistance of rats to subcutaneous 
challenge would have necessitated the use of so 
many animals per serum dilution that determina- 
tions of the ED 50 doses of serums were impractical. 
The possibility of securing more significant de- 
grees of relative serum protection, with the same 
or a smaller number of animals, by means of a suit- 
able intraperitoneal challenge dose has not been 
explored. 

Although the protection test described provides 
a method for the demonstration of protective anti- 
body in antitularense serums it does not in its 
present form furnish an accurate basis for the es- 
tablishment of quantitative criteria for potency. 
Further study of the precipi table antibody content 
in relation to protective capacity may eventually 
provide a serologic method to quantitate the po- 
tency of serums, thus obviating the use of test ani- 
mals. Until a satisfactory method is devised tem- 
porary safeguards might be adopted. For ex- 
ample, a provisional standard might require a 
minimum of 1 mgm. equivalent of antibody per ml. 
of serum or perhaps a survival rate of 75 per cent 
among rats selected and challenged in accordance 
with the above specifications. 

SUMMARY 

Protective antibody was demonstrated in anti- 
tularense serums against subcutaneous challenge 
with an average of 25,000 LDr,o doses of a strain 
of Bacterium tularense of maximal virulence, us- 
ing white rats of 85 to 110 grams as the test ani- 
mals. Good correlation was observed between 


protective antibody and ])recipitable antibody con- 
tent, but not between antibody content and ag- 
glutinin titers. 
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INTRODUCTION 

There is still disagreement as to the respective 
roles of the pepsin and hydrochloric acid of gastric 
juice in the production of duodenal ulcer. 

In patients with ulcer, free hydrochloric acid has 
been generally found to be present in increased 
quantities (1, 2). The work of Dragstedt (3) and 
of Mann and Bollman (4) have tended to empha- 
size the importance of hydrochloric acid. 

The occurrence of ulcers following the surgical 
shunting of alkaline secretions (bile and pancreatic 
juice) away from those portions of intestines where 
gastric juice was made to enter, serv'ed in part as 
a basis for their deductions. Dragstedt, in addi- 
tion, pointed out that the rate of digestion of frog’s 
leg in an acid pepsin solution was dependent on 
acid concentration and independent of pepsin con- 
centration (5). The production of ulcers by feed- 
ing hydrochloric acid to experimental animals also 
served as a basis for their conclusions. Histamine 
is a potent secretagogue of hydrochloric acid (6), 
but not of pepsin (7). Ulcers have been produced 
in practically all species of animals by injection of 
histamine in beeswax (8). Cases have even been 
reported in humans following injections of hista- 
mine (9). Frequent success over a long period 
with therapy employing antacids has been another 
strong argument in support of this premise. 

Vanzant, Osterberg, Alvarez, and Rivers (10) 
have shown that the secretion of pepsin is enhanced 
in ulcer patients as compared with normal indi- 
viduals and that a direct correlation existed be- 
tween the amount of pepsin in gastric juice and the 
severity of symptoms. Mullins and Flood (11) 
and others (12) have confirmed these observa- 
tions. Schiffrin (13) demonstrated that ulcers 
could be produced b}- perfusing isolated loops of 
jejunum or ileum of cats with pepsin and hydro- 

' Done on a grant from the Otho S. A. Sprague Me- 
morial Institute. 


chloric acid solution. Such ulcers were not pro- 
duced by perfusion with hydrochloric acid alone. 
Driver’s (14) investigations with dogs have 
yielded comparable results. Matzner (15) was 
able to produce ulcers in rats by feeding pepsin- 
hydrochloric acid mixtures. 

In any attempt to resolve the controversy over 
the comparative importance of acid and pepsin, it 
is necessarj' to apply more refined quantitative 
methods of study and to devise mutually exclusive 
experimental conditions wherein both factors do 
not vary in the same direction simultaneously. 

Accurate determinations of gastric hydrochloric 
acid are easily made, but most methods for deter- 
mining pepsin have been either inadequate or cum- 
bersome (16). The reason for inadequac}' lies 
partially in the method and partially in the fail- 
ure to take cognizance of the kinetics of the enzj'me 
(pepsin) reaction, 

THE KINETICS OF THE ENZYME REACTION 

Pepsin acts on proteins, splitting them into pro- 
teoses, peptones, and polypeptides, but not to the 
amino acid state ( 17) . In the case of egg albumen, 
the molecule is either attacked and broken down 
to a molecular weight of appro.ximately 1,000, or 
it is not attacked at all (18). Pepsin has a pre- 
dilection for certain peptide linkages, especialh' 
those involving tyrosine and phenylalanine (19). 
Unlike linkages are split at various rates (19). 
Pepsin does not act like some simple inorganic 
catalysts whose mere presence in traces is sufficient 
to bring about change. This enzyme reaction has 
been found to obey the Law of Mass Action, so 
that the rate of reaction and therefore the amount 
of substance converted are directly proportional 
both to the amount of active enzrme and to the 
concentration of active substrate present How- 
ever, the rate of conversion is not uniform for 
more than a brief period. TIic reaction rate rap- 
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Imz IN Minutes 

Fig. 1. The Amount of Protein Digested is Plotted 
AGAINST Time in Minutes. The Rate of Digestion 
Steadily Decreases, Reaching a Plateau in 30 
Minutes 


idly diminishes and approaches zero (Figure 1). 
Peptones,® the product of pepsin digestion, com- 
bine with the active enzyme to form an inactive 
pepsin complex. Therefore the quantity of active 
enzyme present is constantly diminishing as di- 
gestion progresses. After the reaction rate has 
leveled off, the addition of sizeable increment of 
enzyme fails to produce further digestion, since the 
small quantity of pepsin initially present has pro- 
duced large amounts of peptone inhibitor. It 
is the concentration of these inhibitory substances 
which determines the amount of pepsin which is 
active. 

This pepsin-peptone complex has also been 
found by Northrop (20) to obey the Law of Mass 
Action, so that the following equation applies : 

Pepsin -f Peptone Pepsin-Peptone 
and 

Cone, pepsin X Cone, peptone _ ^ 

Cone, pepsin-peptone 

The equation illustrates the reversibility of the 
reaction. Thus, if one decreases the concentration 
of the peptone inliibitors by dilution, active enzyme 

= Northrop uses the word “peptones” loosely to in- 
clude all those breakdown products of protein which 
combine with pepsin. We have retained his definition. 
We have also included gastric inhibitory substances with 
peptones, since they certainly react like them and for the 
purposes of this paper may be considered identical. 


is liberated from the pepsin-peptone complex and ' 
additional digestion occurs. The significance of 
these concepts will be enlarged upon later in this 
paper. 

The rate of digestion, as heretofore mentioned, 
is directly proportional to the rate of concentration 
of the active substrate (21) which is steadily di- 
minishing during digestion. This, together with 
the fact that the enzyme is being progressively in- 
activated during digestion, does not allow for the 
expression of a direct linear relationship between 
the enzyme concentration and the amount of pro- 
tein digested under practical test conditions. Nor- 
throp (20) has found the kinetics of the reaction 
to conform to the following equation : 


A Log 


A — .V 


X 


ET 


K 


A — Substrate concentration 
X = Quantity of substrate converted 
£ = Total enzyme concentration (active and 
inactive) 

T — Time. 


Under the experimental conditions of our test, 
the amount of protein digested is directly propor- 
tional to the logarithm of the total pepsin concen- 
tration (Figure 2). 

Protein is an amphoteric substance and is pres- 
ent in the form of kations in a solution acid to its 
isoelectric point (22). Pepsin acts only on pepsin 
kations. (The effect of hydrogen ion concentra- 
tion on pepsin digestion is purely on the substrate 
and not on the enzyme [23].) 

The percentage of protein present in its kationic 
form increases as the pH of the solvent decreases 
until 100 per cent is in the kationic form. There- 
after, further decrement in pH will reduce the num- 
ber of protein kations by the common ion effect. 
An increase in the active kationic substrate, 
brought about by pH changes, augments the rate 
of digestion according to the Law of Mass Action. 
Since the pH at which all protein is in its kationic 
form varies from protein to protein, the optimum 
digestion pH of proteins differs. Peptic digestion 
of mucosa mimics egg albumen in that both have 
tiieir optimum digestion pH in the region of 1 
(24). The digestion of mucosa may therefore be 
compared to egg albumen. 
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Fig. 2. The Number of Milligrams Albumen Digested is Plotted against 
Gamma of Crystalline Pepsin on Semilog.arithmic Paper for Both the Dilute 
AND THE Concentrated Tests 

In the concentrated test, X the enzyme concentration produces 20 X the amount 
of albumen digested. 


APPLICATION OF ENZYME KINETICS TO THE STUDY 
OF GASTRIC JUICE 

In gastric juice, the estimation of pepsin actiyitj' 
is complicated by the presence of inhibitorj- sub- 
stances analogous to peptones (25). These sub- 
stances, formerly called anti-enzymes (26), have 
been thought to play an active role in protecting 
against autodigestion (26, 27). Langenskiold 


(28) indicated that these substances were prob- 
ably peptones. It may be that the inhibitors of 
the gastric juice are peptones formed by the action 
of pepsin on proteins derived from food, mucosal 
cells, and secreted protein (mucin and plasma 
protein). 

Dilution of gastric juice, under any conditions, 
by decreasing the concentration of inhibitory sub- 
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stances (peptones), allows digestion to continue 
unimpeded. By using highly diluted juice one can 
assay the total quantity of pepsin present un- 
affected by the naturally occurring inhibitory sub- 
stances. Conversely, when one uses low dilutions, 
one assays only that fraetion of pepsin which is 
uncombined with the naturally occurring inhibi- 
tory substances, which we have called the Active 
Fraction. Bucher, Grossman and Ivy (29) have 
found that separation is usually complete at 1 : 100 
dilution so that no further augmentation in pepsin 
activity occurs on continued dilution. 

The preceding discussion poses the corollary 
if tests were performed on undiluted gastric juice, 
only that fraction of pepsin uncombined with in- 
hibitor would be measured. Even when the gastric 
juice is mixed with concentrated substrate, how- 
ever, dilution is unavoidable. In order to correct 
for this dilution, a curve correlating low dilution 
of gastric juice with quantity of substrate de- 


composed has been constructed (Figure 3). (This 
relationship is observed only in low dilutions.) 
This establishes that one can interpolate to the 
undiluted state in order to determine the amount 
of pepsin in gastric juice that remains unaffected 
by the inhibitory substances present (30). 

We have assayed Total Pepsin Activity at opti- 
mum pH utilizing high dilutions of gastric juice 
(16). At the same pH we have assayed that 
amount which remains uninhibited (active frac- 
tion) by employing low dilutions of gastric juice 
and interpolating to the undiluted state. The per 
cent of pepsin inhibition may be thus derived. 

Alterations in pepsin activity of this active 
fraction, produced by variation of pH from the 
optimum, are depicted graphically (Figure 4). 
It is evident that the acidity of different gastric 
juices varies significantly from this optimum. 
Hence the activitjf of the pepsin will vary and can 
be computed by reference to the figure. This pep- 



Square Root Of The Peptic Power 

Fig. 3. Shows the Relationship of Dilution (3 Different Gastric Juices) to the Square Root of the 

Milligrams of Albumen Digested per ml. of Gastric Juice 

lx is point of no dilution. The represented relationship is 1 : 1 so that each increase of lx in dilution increases the 
square of the peptic power 1. 
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Fic. 4. Digested Protein, Represented as the Percentage of Protein Di- 
gested AT pH 1.75 (100 PER cent), is Plotted against the Hydrogen Ion Con- 
centration OF the Digestion Mixture Expressed in pH Units 


sin activity, corrected for the effect of inhibitor 
substances and of pH, we have designated Resting 
Peptic Activity. It is a measure of the pepsin ac- 
tivity which the gastric and duodenal mucosa are 
resisting in the basal secretory' state. 

To reiterate, total pepsin activity is merely an ^ 
index of the secretory actiHty of the pepsinogenic 
cells of the gastric mucosa, but does not indicate 
the true digestive activity of the gastric juice as 
modified by the inhibitor substances and hydrogen 
ion concentration. 

Since inhibitory substances and pH play such a 
significant role in the kinetics of the pepsin re- 
action, it would seem important to kmow how 


much pepsin is inhibited via each mechanism in 
normal and ulcer patients. Up to the present, 
there has been no information in the literature con- 
cerning this. 

MATERIALS AND METHODS 

All determinations were performed 4 to 8 hours after 
collection of tlie gastric juice. pH was determined with 
a glass electrode. 

The methods for pepsin measurements have been de- 
scribed in detail elsewhere (16, 30). A brief outline is 
given to pron'de the reader with some conception both 
of the technic and the derivation of the units. 

By precipitating various concentrations of albumen with 
sulfosalicylic acid under conditions of dilution and hy- 
drogen ion concentration similar to those carried out in 
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Fig. 5. Shows the Relationship or mgm. Albumen 
Precipitated by Sulfosalycylic Acid to Optical Den- 
sity Expressed as L-Values 


the test, and recording the turbidity in the Evelyn Color- 
imeter, a nomogram was constructed which related optical 
density, or L values (Figure 5) to mgm. of albumen pres- 
ent and enabled one to determine by difference the amount 
of albumen digested. 

Although the pepsin determinations in both tests have 
been standardized against crystalline pepsin,® it has been 
deemed desirable to use relative units, Pepsin Equivalents, 
instead, because there is no uniformity of activity among 
the various crystalline preparations of pepsin (31). Our 
pepsin equivalent unit is equal to 0.076 gamma of crystal- 
line pepsin. (About 50 per cent of this preparation is 
magnesium sulfate.) 

Dilute test — assay of total pepsin 

Five mgm. of egg albumen is incubated for 30 minutes 
at 37° C. with diluted gastric juice so that the final dilu- 
tion is 1/563. The mgm. albumen digested are determined 
by precipitating with sulfosalicylic acid after inactivating 


® The crystalline pepsin used in this study was obtained 
from the Plaut Research Laboratories, Bloomfield, N. J. 


the pepsin with sodium hydroxide. Units proportional to 
actual quantities of crystalline pepsin arc obtained by ex- 
pressing the results as the antilogarithm of the mgm. al- 
bumen digested. By multiplying the dilution factor, the 
final result, total pepsin, is designated in pepsin equivalents 
per ml. of gastric juice. 

Concentrated test — assay of active pepsin 

Undiluted gastric juice is mi.xed with concentrated al- 
bumen solution and hydrochloric acid solution so that the 
final dilution of the gastric juice is in the order of M- 
Digestion is carried out at 37° C. for 30 minutes. A du- 
plicate sample is used to determine the pH of the digestion 
mixture. By use of Figure 4, the amount of albumen 
which would have been digested at pH 1.75 (the digestion 
pH of the dilute test) is determined. 

Because the lines represented in Figure 3 have the same 
slope, it is possible to extrapolate the results obtained at 
% dilution to zero dilution. 

After adjusting for the differences in kinetics of the 
two tests, results are again expressed in pepsin equiva- 
lents as before. The units thus derived give values for 
the active pepsin which are comparable to those for total 
pepsin. Since the units are comparable the percentage of 
pepsin inhibited is easily derived from the figures for total 
pepsin and active pepsin. 

Resting peptic activity 

Since the active pepsin fraction is expressed as the ac- 
tivity at pH 1.75, it will not represent the activity of the 
gastric juice at its own pH occurring in vivo. 

After obtaining the pH of the gastric juice, the active 
pepsin fraction, is corrected to the activity at that pH by 
reference to Figure 4. 

This value shows the summation of the effect of in- 
hibitory substances and pH characteristic of a specimen 
of gastric juice collected during a basal secretory state. 
It should be remembered that this is an artificial com- 
parison because the effect of pH is on the substrate and 
not on the enzyme. It really represents the activity which 
would result if the enzyme concentration were reduced 
at a constant pH. 

Peptic activity in hitman subjects 

A total of 132 fasting specimens of human gastric juice 
was obtained from the Gastrointestinal Clinic of the Uni- 
versity of Chicago Clinics ^ and the determinations earlier 
described were made. Out of this number we selected 
juice from every case of proved duodenal ulcer, totaling 
30 cases. AH patients had x-ray evidence of ulcer. 

Twenty-one fasting specimens of gastric juice were col- 
lected from 21 of the students, interns, and resident staff 
of the Clinics. The criteria for normality were absence 
of past or present gastrointestinal disease or symptoms. 


* Through the courtesy of Dr. Walter L. Palmer. 
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TABLE I 


Pepsin activity of gastric juice 
30 duodenal ulcer subjects 
21 normal subjects 


Total pepsin 
activity. 
Pepsin cquiv*a- 
lents per ml. 

Active pepsin 
fraction. 
Pepsin equiva- 
lents per ml. 

pH of gastric 
juice 

Resting peptic 
activity. 
Pepsin equiva- 
lents per ml. 

Normal 

Ulcer 

Normal 

Ulcer 

Normal 

Ulcer 

Normal 

Ulcer 

2,500 

2,500 

2.6 

1.2 

5.12 

1.35 

0.5 

1.5 

3,400 

3,900 

1.7 

1.0 

3.25 

2.55 

0.8 

0.7 

4,300 

3,000 

0.6 

1.1 

1.85 

2.15 

0.6 

0.9 

4,300 

5,200 

4.4 

1.2 

1.50 

1.45 

5.9 

1.5 

313 

2,700 

1.1 

1.3 

4.90 

1.10 

0.8 

1.9 

7,500 

3,600 

2.2 

1.7 

1.50 

2.20 

2.8 

1.1 

188 

2,500 

0.6 

1.3 

7.45 

1.40 

0 

1.6 

1,900 

6,200 

1.7 

1.6 

4.55 

1.50 

0.6 

2.1 

6,100 

940 

1.0 

1.8 

1.80 

2.10 

0.9 

1.3 

250 

4,900 

0 

1.3 

6.45 

2.0 

0 

1.1 

6,100 

2,500 

1.5 

1.0 

1.50 

1.50 

i 

1.1 

8,600 

6,200 

1.3 

1.2 

1.60 

2.30 

1.5 

0.8 

4,300 

8,700 

1.2 

1.4 

1.80 

1.50 

1.1 

1.7 

3,900 

5,400 

1.1 

1.9 

1.55 

1.45 

1.3 

2.5 

3,900 

4,800 

1.1 

1.0 

2.55 

3.10 

0.7 

0.6 

3,600 

11,200 

1.2 

1.8 

2.70 

1.50 

0.8 

2.2 

2,800 

3,600 

0.9 

1.0 

1.55 

1.40 

1.0 

1.1 

6,100 

2,500 

0.8 

1.0 

2.25 

1.50 

0.7 

1.1 

7,500 

4,900 

2.8 

1.3 

1.40 

1.30 

4.2 

1.7 

1,600 

1 4,100 1 

1.1 

1.0 

3.55 

1.50 

0.6 

1.1 

2,800 

1,300 

5.6 

1.9 

3.70 

1.80 

1.1 

1.8 


1,000 


1.3 


1.30 


1.8 


5,200 


1.6 


1.55 

1 

1.9 


3,600 


0.9 


1.50 


1.0 


4,300 


1.1 


1.65 


1.1 


3,400 


0.6 


1.40 


0.7 


3,900 


1.3 


1.50 


1.5 


4,900 


1.4 


1.25 


2.0 


3,000 


1.1 


1.60 


1.1 


2,500 


0.9 


1.50 


1.0 


RESULTS 

The results of the pH determinations on the 
ulcer patients and on the normal human beings are 
depicted in Table I. One may note that 28 out of 
30 ulcer patients, or 92 per cent, had pH values 
below 2.4, whereas only 11 out of 21 of the normal 
group, or 52 per cent had high free acid values 
in the corresponding pH range (Figure 6) . This 
is in fair agreement with what has been described 
in the literature b)’ other investigators (1, 2) . 

An examination of the peptic activity of the 
gastric juices of our human subjects, as illustrated 
in Table I, reveals the following: 

Total pepsin activity. It is notable that there is 
wide individual variation in the total pepsin ac- 
tivity (or pepsin content) among both the normal 
and the ulcer groups. Despite this A'ariation, sta- 
tistical comparison of the Uvo groups as a whole 
reveals no significant difference. 

Active pepsin jraction. Here one ma)' see that 
the amount of inhibitory substances present is of 
a huge magnitude for all individuals in both 
groups, for the actual amount of active pepsin 
present is very small. Notwithstanding tlie wide 
individual variation in total pepsin activity exist- 
ing among individuals in each group, the active 
pepsin fraction does not exhibit the same trend, 
but rather there is close uniformity in the quantity 
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NORMAL SUBJECTS D 
ULCER PATIENTS ■ 



BELOW 1.0 ABOVE 1.0 

PEPSIN EQUIVALENTS 


' Fig. 7. The Number of Cases Having Resting Pep- 
tic Activity Above and Beeow the Value of I is 
Illustrated 

of pepsin in both groups. Again, statistical com- 
parison between the two groups shows no signifi- 
cant difference. 

Po' cent pepsin inhibition. This illustrates again 
the enormous amount of inhibition present and the 
uniformity of this phenomenon in all the indi- 
viduals studied. In all but one case, more than 99 
per cent of the total pepsin is inhibited, and in 
most, there is 99.9 + per cent inhibition. 

The percentage of the total pepsin which is ac- 
tive in the presence of the pepsin inhibitory sub- 
stances of the gastric juice is exceedingly small. 
With the crystalline pepsin used by us, the quan- 
tity of active pepsin present ranges approximately 
from 0.05 gamma to 0.15 gamma per ml, as com- 
pared with an average figure of approximately 
270.0 gamma per ml. of total pepsin in both groups. 

Resting peptic activity. This estimation of the 
actual in situ digestive activity of the gastric juice, 
expressed in pepsin equivalents, is also contained 
in the table. 

It is here that one may note the effect of pH of 
the gastric juice on the active pepsin fraction. 


Precursory inspection may not reveal a , striking 
change because of 3 abnormally high results in the 
normal group. However, the majority of ulcer 
cases, 25 out of 30, have pepsin activities of 1.0 
pepsin equivalents or above, whereas less than 
half, 9 out of 21 normal subjects, have like values. 
This is pictured in Figure 7. That this result is 
significant has been proved by the Ciii Square 
Method of Statistical Analysis (y-=:9.1). 

DISCUSSION 

From the evidence presented, it is manifest that 
the major differences between the two groups lie 
in the pH and resting peptic activity. The active 
pepsin fraction, percentage of inhibition, and total 
pepsin concentration are almost identical in the 
two groups. 

It is noteworthy that our findings of similar total 
pepsin concentrations in the normals and in ulcer 
patients are at variance with the reports of other 
investigators (10, 11, 12). A criticism tliat might 
be made of our findings is the relative smallness 
of the series. However, the number of cases stud- 
ied is statistically adequate. We feel that the find- 
ings of others quoted (10, 12) may be open to 
criticism on the basis of error inherent in their 
method of pepsin determination, as mentioned pre- 
viously. Vanzant cf al (10) and Mullins and 
Flood (11) both used low dilutions of gastric 
juice, which resulted in the assay, not of total pep- 
sin, but of a variable mixtui'e of pepsin and pepsin- 
inhibitor complex. Both also obtained their gas- 
tric specimens after test meal stimulation. There 
is some indication that the test employed by Oster- 
berg et al was subject to error because of insuffi- 
cient buffering of their digestion mixture. In our 
experience, even strong buffers will not main- 
tain a constant digestion pH when mixed with 
equal volumes of gastric juice. We have occasion- 
ally observed unusually high fasting values of 
total pepsin in ulcer patients, but the group as a 
whole does not vary significantly from the normals. 

The observation that 99 -I per cent of the pepsin 
is inhibited might seem incredible at first . Exami- 
nation of Figure 1 relating quantity of albumen di- 
gested per unit time reveals a rapid initial rate be- 
coming negligible after 30 minutes. Inasmuch as 
the rate of digestion is directly proportional to 
the concentration of active enzyme and since the 
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rate of digestion becomes practically nil, it follows 
that there must be an extremely small amount of 
active enzyme present. The pepsin in resting 
gastric contents is constantly acting on protein sub- 
strate (cells, mucin, and protein secreted) , and one 
might expect that it is almost completely inhibited 
for the same reason. This maj' well be one of the 
reasons that the stomach does not digest itself. 
Formerly, one remarked at the amazing abilit}' of 
the stomach and duodenum to resist digestion. 
Now it can be seen that these organs actually have 
very little to resist and that instead of being re- 
sistant, they are probably quite susceptible. The 
inability of these organs to resist digestion is indi- 
cated by those animal experiments in which the 
feeding or irrigation of bowel u4th active pepsin- 
hydrochloric acid mixture quite uniformally and 
rapidly produced ulceration (13, 14, 15). The 
rapidity with which apparently normal humans de- 
velop perforation and bleeding under certain emo- 
tional stresses (32) also, the rapidity with which 
peptic ulcers sometimes develop after burns (33) 
would seem to indicate that the mucosa is not re- 
sistant to attack by active gastric juice. Herein 
also may lie the explanation of how ulcers, pro- 
duced by the ingestion of acid in the experimental 
animal (4), may result from dilution of inhibitor 
substances and also further enhancement of the 
enzyme action by the increased hydrogen ion con- 
centration. Hjqjersecretion also, by continually 
diluting the inhibitor substances, might sustain 
active pepsin at relatively high levels. 

The extremely low values of the- active pepsin 
fraction would tend to support the contention that 
v^ry little pepsin is necessarj' to produce mucosal 
ulceration via the digestion mechanisms. Despite 
the high percentage of obseiwed inhibition, the pep- 
sin is not really destroyed, and is readily made 
available for digestion by tire process of dilution. 
There is a huge pepsin reserve ; the digestive power 
of gastric juice can be increased 5,000 times by 
simple dilution. As mentioned in the section on 
kinetics, even the addition of a sizable increment 
of pepsin to a pepsin solution with a high concen- 
tration of inhibitor r\-ill produce little increase in 
digestive action. For this reason, the actual di- 
gestibility of gastric juice does not r-arr' appre- 
ciably with excessive increases in pepsin content. 
Driver (14) found that doubling the pepsin con- 


centration did not alter the extent or frequency of 
ulceration observ’cd when perfusing isolated loops 
of small intestine. His perfusion was carried out 
at the rate of 2 ml. per minute through a loop of 
bowel that would hold many times that volume. 
The perfusion was certainly not rapid enough to 
wash out the inhibitors that formed during the 
process of peptic digestion, and thus one may con- 
clude that the active pepsin fraction was not sig- 
nificantly elevated. In the discussion on kinetics, 
it was stated that the amount of albumen digested 
is not in linear proportion to the pepsin concentra- 
tion. Therefore, increasing the concentration of 
pepsin should not change the ulcerating power 
markedly either in the dog experiments of Driver 
(14) or the frog experiments of Dragstedt (5). 
Matthes (34) who was one of the first to irrigate 
loops of bowel in dogs unth pepsin-hydrochloric 
acid mixtures and gastric juice, concluded that 
peptones found in gastric juice combined with the 
free acid and in this way reduced its ulcerating 
ability. Langenskiold (28) came to similar con- 
clusions. Their work, however, really lends ex- 
cellent support to the thesis that ulcers are the 
product of peptic digestion since the peptones more 
effectively combine with the pepsin. 

Even though large changes in the pepsin con- 
centration do not produce appreciable increase in 
pepsin activity, small changes in hydrogen ion con- 
centration will produce marked changes in diges- 
tive action (Figure 4) . Hence this mechanism is 
by far the most important in controlling the di- 
gestive action in vivo. It can therefore be estab- 
lished that the pH is of greater importance in con- 
trolling resting peptic activity than the total pep- 
sin content of the gastric juice. On comparison 
of the resting peptic activity of the normals with 
those of ulcer patients, one sees no clear-cut divi- 
sion between the two groups. Some normals, 
drawn from medical students and interns, had high 
gastric acidity and therefore high resting peptic 
activity. In some cases these individuals .‘:aid they 
were hungrj- because they had missed their ac- 
customed breakfast ; others were apprehensive and 
had difficulty swallowing the tube. The studies 
of Wolf and Wolff (35) on Tom, a man v.-ith a 
stricture of the esophagus and a large gastric fis- 
tula, have shown that emotional stimuli such as 
resentment and anxiety will increase hydrodiloric 
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acid production tremendously. Also, hunger will 
produce copious secretion of hydrochloric acid and 
pepsin. We have not excluded these normals from 
our series, however, since the ulcer patients have 
probably experienced the same stimuli. Many of 
both groups, therefore, were in a secretory state 
rather than a basal state. True resting contents 
are well-nigh impossible to obtain under the usual 
clinical conditions (36). One may always expect 
some high values in the group. The best method 
of comparing these two groups is by statistical 
means. When such a comparison is made the re- 
sults have been shown to be highly significant. 

A better method of investigation than ours for 
obtaining basal secretory levels would be gastric 
aspiration during sleep. Winkelstein (37) and 
others (38, 39) have pointed out that the free hy- 
drochloric acid falls to zero or very low in normal 
patients during sleep; yet, in sharp contrast, in- 
creased values are found in ulcer patients. Such a 
study, however, necessitates hospitalization. 

These present observations on gastric juice while 
highly suggestive do not prove that ulcer develop- 
ment is a function of the resting peptic activity. 
One must prove that the ability of pepsin solution 
to digest a given protein substrate is the same as 
its ability to produce experimental ulcers. 

Experiments (24) have been conducted wherein 
the mucosal and serosal surfaces of dogs’ intestines 
were irrigated with hydrochloric acid-pepsin solu- 
tions adjusted so that the pH of one pepsin mix- 
ture was kept at 1.50 and the other at 2.15. This 
made the peptic activity of the pH 2.15 mixture 
60 per cent of that of the pH 1.50 preparation 
(Figure 4). The activity .of the former solution 
was doubled, however, by increasing its tempera- 
ture 10° C. (van’t Hoff’s Law) so that its final 
activity was 20 per cent greater than that of the 
more acid solution. (The irrigation temperature 
was 30° C. for the pH 1.5 solution and 40° C. for 
the other.) By this means the pepsin activity of 
the less acid solution was the greater. Ulcers 
formed more readily and were more extensive 
both on the mucosal and serosal surfaces of the 
bowel with the low acid-high peptic activity mix- 
ture. Bowel irrigated with hydrochloric acid alone 
(pH 1.5 and at 40° C.) exhibited no ulceration. 
When conditions other than temperature varia- 
tions were sought to reduce peptic activity, it was 


found that 2 per cent solution of neopeptone 
("Difco”) reduced the amount of albumen digested 
by 50 per cent. Bowel was irrigated with two 
acid pepsin solutions both at pH 1.5 but one con- 
taining 2 per cent neopeptone. Neopeptone pro- 
tected against the development of ulcers. It will 
be remembered that Matthes (34) had concluded 
that peptone in gastric juice by reducing the free 
acid had lessened its ulcerating effect. In the ex- 
periment reported, acid was added to the solution 
containing neopeptone to make the pHs identical, 
yet the solution containing neopeptone did not 
readily form ulcers. Such exclusive experiments 
would tend to indicate that peptic activity plays a 
major role in the production of ulcers. 

CONCLUSIONS 

Enzyme kinetics, together with quantitative 
methods for the determination of total pepsin con- 
centration and inhibitor substances, have been ap- 
plied in a physiological study of the products of 
gastric secretion in 31 proved ulcer patients and 21 
normal subjects. 

The resting peptic activity was found to be 
significantly greater in the ulcer group. This in- 
crease was dependent upon the higher acidity of 
the gastric juice in the ulcer patients, for there 
was no increase in total gastric pepsin in this 
group. The reason that an increase in total pep- 
sin content of gastric juice does not significantly 
alter peptic activity is that pepsin inhibitor sub- 
stances are present. 

The inhibitor substances present in the gastric 
juice produce more than 99 per cent inhibition of 
pepsin in both the normal and the ulcer groups. 
This, in conjunction with the probable low basal 
levels of free hydrochloric acid in normal patients, 
prevents autodigestion. 

It would appear that ulcers are really the prod- 
uct of peptic digestion, and that the pH of the 
gastric juice is by far the most important regulator 
of the peptic activity, even to the exclusion of 
pepsin concentration. 

It is believed that strict application of the laws 
of enzyme chemistry has elucidated some discrep- 
ancies which have resulted from the inadequate 
qualitative experiments of the past on gastric di- 
gestion. 
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The concentration of potassium in the serum of 
a patient who has developed severe renal in- 
sufficiency may be normal, increased, or dimin- 
ished, and no satisfactory explanation for these 
widely varied concentrations has been advanced. 
Naturally the finding of an increased content of 
potassium in the serum of a nephritic patient sug- 
gests caution in the administration of potassium 
salts. On the other hand there are certain under- 
nourished patients who have nephritis and are 
suffering from lack of potassium and therefore re- 
quire an increased intake. It is also recognized 
that many patients who have renal edema can 
tolerate a considerable daily dose of potassium 
salts over a period of months without evidences of 
toxic effects. It is therefore obvious that there are 
other factors, in addition to renal retention, w’hich 
play a role in the distribution of the potassium ion 
in uremic patients. 

Observations of potassium tolerance, both in nor- 
mal subjects and in patients who had adrenal in- 
sufficiency, have been made by Zwemer and Trusz- 
kowski (1), Wilder and his co-workers (2), and 
Jaffe and Byron (3). The effects of a small and 
of a considerable dose of potassium salts were 
studied by Greene, Levine and Johnston (4), and 
by Winkler and his associates (5) in renal disease 
and by Thomson (6) and Sharpey-Schafer (7) in 
cardiac disease. The doses employed by Winkler 
and Sharpey-Schafer were frequently large and 
sometimes proved impractical and even dangerous. 
We therefore gave normal subjects and patients 
who had renal disease a uniform and smaller dose 
of 5.0 grams of potassium bicarbonate by mouth 
and were gratified to find that this amount could 
usually be tolerated and also revealed information 
as to the indnadual’s tolerance. Our procedures 
and results in normal subjects have already been 
reported (S). The present communication deals 
with the results of the same procedures carried out 
in 10 patients who had definite renal insufficiency. 


Distinct alterations in potassium tolerance were 
observ'ed in all of the 10 patients and form the basis 
of this paper. 

SELECTION OF PATIENTS 

The chief consideration in the selection of our patients 
was demonstrable renal insufficiency. Eight of the 10 pa- 
tients were deliberately chosen because the degree of 
renal incompetence was marked and we desired particu- 
larly to learn the tolerance for potassium of patients who 
had a minimal amount of functioning renal tissue. The 
degree of renal insufficiency of these 8 patients was indi- 
cated by the increase in the concentrations of urea and 
creatinine in the blood from 147 to 340 mgm. and from 
5.6 to 19.2 mgm. per 100 ml., respectively. The diagnosis 
in 6 patients was chronic glomerulonephritis ; in the 4 re- 
maining, respectivelj-, it was subacute glomerulonephritis, 
chronic pyelonephritis, bilateral congem'tal hydronephrosis, 
and multiple myeloma with chronic diffuse nephritis. 
Death occurred in 9 of our patients in 2 weeks to 8 
months after the test was done. One patient, J. W., with 
the least degree of renal incompetence, was alive and ac- 
tive when this paper was written, 4% years after the test 
(Table I). 

PROCEDURES 

The procedures carried out in the 10 patients started 
with the early-morning oral administration of 5.0 grams 
of potassium bicarbonate, which contains approximately 
2.0 grams of potassium ; during the next 3 hours, a study 
was made of its effect on the concentration of potassium 
and urea in the blood, and on serial electrocardiograms. 
The actual amount of potassium ingested by the 10 patients 
varied from 24 to 35 mgm. per kgm. of body weighL 
Breakfast was omitted and the patients remained in bed 
during the period of observation. Control samples of 
blood were withdrawn from a vein of the arm, and con- 
trol electrocardiographic tracings were taken before the 
salt, dissolved in 300 ml. of water, was ingested. Sub- 
sequently, similar analyses of blood were made and elec- 
trocardiograms were taken at approximately 90 and 180 
minutes. These were the procedures in 4 cases. In 1 
of these, after the patient, H. S., had eaten his lunch, the 
blood studies and electrocardiograms were subsequently 
carried out at S hours (Tables I to III). 

In 6 cases, in addition to the procedure described in the 
preceding paragraph, studies w ere made of the clearance' 
of urea and potassium from the blood by tlie kidney;. 
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TABLE I 


Clinical data found on initial examination of patients* 


Date 

of 

admis- 

sion 

Pa- 

tient 

Edema, 

grade 

0-4 

Blood 
pres- 
sure, 
range 
in 24 
hours 

Urine 

albu- 

min. 

grade 

0-4 

Diagnosis 

j 

tO-30-41 

M.S. 

1 

mm. He 
155-230 

3-4 

Chronic glomerulonephritis 




95-140 



11-28-41 

P.K. 

1-2 

145-195 

4 

Subacute glomerulonephri- 




85-130 

1 


tis with neplirotic syn- 
i drome, necropsy 

11-24-41 

J.W. 

1 

110-140 

4 

Chronic glomerulonepliriti.s 




60-90 


with nephrotic syn- 
drome 

S-17-43 

M.B. 

0 

150-200 

2-3 

Chronic glomerulonephri- 




110-130 


tis. D.A.D. group 2 

12-22-41 

J.B. 

2 

130-190 

3-4 

Chronic glomerulonephritis 


1 


70-110 


with nephrotic syn- 
drome, polycythemia 
vera 

5-13-42 

H.C. 

0 

110-180 

2-3 

Chronic glomerulonephritis 




70-110 



7-6-42 

J.R.W. 

0 

80-105 

2t 1 

Chronic bilateral pyelo- 




40-65 


nephritis 

9-15-42 

W.L.t 

0 

180-215 

3 

Chronic glomerulonephri- 




100-135 


tis. D.A.D, group 4 

9-29-42 

H.S.I 

1 

lSS-190 

3 

Bilateral congenital (?) 




lOO-lSO 


hydronephrosis, 
necropsy f| 

4-15-43 

L.G. 

0 

120-135 

3-i\ 

Multiple myeloma,^ 




80-85 


chronic diffuse nepliritis 


* Flocculation reactions for syphilis in serum of all 10 
patients reported negative. 

t Sediment contained pus, grade 3-4. 
j Vascular retinitis, edema of disks. 

§ Acute angiospastic retinitis. 

!| Necropsy elsewhere. Report kindly furnished by Dr. 
W. L. Ross, Jr., Yakima, Washington. 

^ Bence-Jones protein present in urine. Smear made 
from circulating blood has greasy quality and shows occa- 
sional myeloid immaturity. Serum protein 8.9 grams, 
serum albumin 4.0 grams, serum globulin 4.9 grams per 
100 ml., respectively. Roentgenogram of skull reveals 
multiple punched-out regions of destruction. 

The clearances in 2 periods of approximately 90 min- 
utes’ duration were determined in each of the 6 cases and 
correlated with the blood estimations and electrocardio- 
graphic tracings. Urea clearances were determined to 
give information as to the amount of renal tissue which 
was still functioning. The entire study in 4 cases was 
similar to that performed on normal controls and pre- 
viously reported. 


CLINICAL STUDIES 

Vomiting occurred in only a single case 148 
minutes after the patient, H. S., had ingested the 
salt. In this instance the vomitus was recovered ; 
it contained only 0.2 gram of potassium. Three 


patients experienced mild epigastric discomfort or 
mild nausea soon after drinking the solution. 

In previous studies, when large amounts of po- 
tassium salts were ingested by normal subjects, 
we (9) , as well as a previous investigator ( 10) , had 
noted that in certain cases paresthesias developed 
in the hands and feet while in other cases they did 
not develop. These paresthesias occurred when the 
concentration of potassium in the serum approxi- 
mated 30 mgm. per 100 ml. It is interesting that 
in the present study, with a relatively small dose 
of 5.0 grams of potassium bicarbonate, paresthesias 
of the extremities developed in 4 patients, P. K,, 
M. B., H. C. and H. S., when the content of po- 
tassium in the serum ranged from 31.1 to 35.8 
mgm. per 100 ml. These findings suggested that 
the presence of paresthesias in the 4 patients was 
indicative of a decreased tolerance for potassium. 
Support for this viewpoint was the fact that pares- 
thesias did not develop, nor did the serum potas- 
sium increase above 21.2 mgm. per 100 ml. in nor- 
mal subjects who were given the same dose. In the 
remaining 6 cases paresthesias did not develop in 
the extremities; in 2, the maximal serum potas- 
sium varied from 19.9 to 27.1 mgm. per 100 ml. 
and in 4, it varied from 29.3 to 37.1 mgm. per 100 
ml. Therefore, this symptom may not develop 
even when there is a decided increase of the con- 
centration of serum potassium. Patient H. S. 
(Table II), the only patient to vomit during one 
of tliese experiments, was nervous throughout and 
was suffering from very severe uremia. The slow 
rise of the concentration of potassium in the serum 
and the later appearance of changes in the electro- 
cardiogram lead one to surmise that absorption of 
potassium was at a considerably slower rate in that 
patient than in the remaining 9. 

STUDIES OF THE BLOOD 

We anticipated that the ingestion of 5.0 grams 
of potassium bicarbonate by our patients would 
produce changes in the concentration of potassium 
in the blood serum which would be different from 
those observed in normal subjects ^ (Figure 1) (8). 
In 9 of 10 patients the concentration of potassium 
in the serum, estimated before the salt was given, 
was abnormally increased to a range from 21.9 to 

1 Nineteen mgm. of potassium per 100 ml., a mean nor- 
mal figure, = 4.9 m.eq. per 1. 
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TABLE U 

Studies of urine and blood and clearance of blood urea and potassium of 10 patients 









Urine 

Blood 



Age. 




Ei- 



Potassium 

Urea 

Whole blood 

Clearances, ml. per 
minute 


Sub- 

ject 



Body 

peri- 

men- 

tal 

pe- 

riods 


Min- 










Date 

and 

sex 

Weight 

Height 

BUT- 










• 




face 

Vol- 

ume 

voi- 

Grams 


Grams 


Hemo- 

globin, 

Urea. 

Creat- 

inine, 

Serum 

clearance 

WTioIe 

blood 








(V)" 

100 

Total 

per 

100 

ml. 

(U) 

Total 

grams 

per 

mgm. 

per 

mgm. 

per 

of po- 
tassium 

clearance 
of urea 










(U) 



100 

100 ml. 

100 

UXV 1.73 

UXV 1.73 












ml. 


ml. 


B B.S. 





cm. 

square 

melers 

min- 

uies 

ml. 

ml. 

grams 

grams 

grams 

grams 

grams 

mgm. 


ml. 

mi. 

I1-25-4J 

M.S. 

20 

F 


163 

1.60 








13.1 

ISO 

H 



12-9-Sl 

P.K. 

17 

82^ 

181 

2.02 








11.7 

148 






M 
















12-11.41 

J.W. 

17 

SS.9 

176 

1.69 








10.8 

74 

1.3 




M 
















10-6-42 

H.S. 

20 

74S 

181.6 

1.95 








S.l 

340 

19.2 





M 
















S-25-43 

M.B. 

38 

68.9 

170.2 

1.80 

99 

270 

2.7 

0.191 

0J)16 

0S08 

1372 

13S 

90-90* 

2.4 

16 

15 



M 




89 

18Q 

2.0 

0.258 

0.464 

0,627 

1.129 


90-84* 


15 

14 








450 



0.980 


2S01 






1-6-42 

J.B. 

58 

66.0 

174.5 

1.80 

lOS 

80 

0.76 

0344 

0.275 

1,240 

0.992 

14.2 

147t 

6.0 

8 

6 



M 




87 

no 

1.26 

0375 

0.413 

1.130 

1.243 




13 

9 








190 



0.688 


2.235 






S-22-42 

H.C. 

31 

78.6 

158 

1.80 

107 

190 

1.8 

O.lCrt 

0.198 

0.629 

1.195 

8S 

242t 

14.4 

6 

6 



M 




95 

130 

1.4 

0.127 

0.165 

0.749 

0.973 


242t 


6 









320 





2.168 






7-13-42 

J.R.W. 

18 

55.7 

160.6 

1.58 

no 

155 

1.4 

0.084 


0.617 

0.956 

9.1 

280-280* 

15.2 

S 

3 



Bil 




88 

210 

2.4 

0.073 

0.153 

OS74 

1.205 


280-282* 



5 








365 



0.283 


2.161 






9-23-42 

W.L. 


70.0 

185.4 

1.94 

96 

148 

1,5 

0.077 

0.114 

0.905 

1S39 

7.4 

188-194* 

10.4 
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* Concentration in whole blood at beginning and end of clearance period, 
t Concentration in whole blood at beginning of clearance period, 
j After 180 minutes after ingestion of KHCOj. 

§ Estimation of hemoglobin made after transfusion of 750 ml. of blood. 

28.4 mgm. per 100 ml. (Figure 2), One and a 
half hours after the ingestion of the potassium 
bicarbonate the content of potassium in the se- 
rum of the 9 patients increased to a range from 
23.1 to 37.1 mgm. per 100 ml. (Figure 2). The 
greatest increase, from 21.9 to 36.5, or 14.6 mgm., 
occurred in patient L. G. A similar increase of 
serum potassium was reported by Greene and his. 
co-workers in a case of chronic nephritis with ure- 
mia. With this obser\-ation in L. G. and the dis- 
tinct increase in patient M. S. from 26.7 to 37.1 
mgm., we realized that even 5.0 grams of potas- 
sium bicarbonate might produce serious toxic 


effects, especially on the heart. It was rather sur- 
prising that the serum potassium in patient J. 
R. W., who had verj' serious renal disease, in- 
creased only to 27.1 mgm. In 3 hours (Figure 
2) there was a decrease in the concentration of 
the potassium of the serum in 7 patients to values 
ranging from 24.0 to 35.4 mgm., but in 2 patients, 
J. B. and H. S., it increased 2.1 and 8.0 mgm., re- 
spectively. J. B. had taken a considerable amount 
of potassium nitrate as a diuretic previous to the 
tolerance test. The increase in patient H. S. from 
23.1 mgm. at IVa hours to 31.1 mgm. at 3 hours 
was marked. This late increase in the content of 
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potassium in the serum of patient H. S. would ap- 
pear to be due to a slow absorption of potassium 
from the intestinal tract. In 4 of the 9 patients, 
the concentration of potassium was estimated after 
8 hours and it had decreased to 21.7 to 26.0 mgm., 
but in 3 of the 4 patients it was at a higher level 
than that observed in the original control serum. 
These results in 9 patients indicated a varied and 
unmistakably abnormal response to the ingestion 
of a relatively small amount of a potassium salt. 
The type of response was that of a decreased toler- 
ance for potassium (Figures 1 and 2). 

The findings, however, in patient W. L. were 
distinctly different from those in the 9 other pa- 
tients. In fact, the alterations in the concentration 
of potassium in the serum (Figure 2) could not 
be distinguished from that obtained in a normal 
subject (Figure 1) after the ingestion of 5.0 grams 
of potassium bicarbonate. This response in a pa- 
tient with such a severe degree of renal damage, the 
latter indicated by a blood urea clearance of 6 ml., 
surely informs us that the curve of serum potas- 
sium after the ingestion of a relatively small dose 
of a potassium salt may not reveal an altered po- 
tassium tolerance. The possibility of decreased 
absorption of the potassium salt from the intestine 


of this patient naturally must be considered. How- 
ever, there is good evidence that intestinal absorp- 
tion was satisfactorjL This point will be discussed 
later. 

STUDIES OF THE URINE AND BLOOD CLEAR.ANCES OF 
UREA AND POTASSIUM 

During the 2 clearance periods of approximately 
1^4 hours, 3 hours in all, after taking 5.0 grams 
of potassium bicarbonate by mouth, the mean vol- 
ume of urine in tlie 6 patients whose urine was 
studied (Table II) was definitely less than that ob- 
served in normal subjects tmder the same experi- 
mental conditions. In fact the mean volume of 
urine excreted in 3 hours by 5 normal subjects was 
497 ml. as compared with 316 ml. excreted by 6 
patients. The concentrations of urea and potas- 
sium in the urine had a smaller range and were 
often lower than in the normal subjects. The 
mean of the total amounts of urea excreted was 
diminished. Also, the total amount of potassium 
eliminated was decreased and in patient W.L. was 
only 023 gram in 3 hours. If this amount of po- 
tassium was evenly excreted throughout the day 
it would total 1.8 grams in 24 hours, which ap- 
proximates that excreted by a normal starving 



Fic. 1. Five Noem.w. Subjects. The Con'cekteatiox of Potassium ix 
THE Blood Serum Before and at 114 ,^nd 3 Hours After the Incestio.n 
OF 5.0 Grams of Potassium Bic.arbonate 

Details of these studies reported in Proceedings of the Staff ifeetings of 
the Mayo Clinic (S) . 
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Fig. 2. Ten Patients with Renal Insufficiency. The Concentra- 
tion OF Potassium in the Blood Serum Before and at 1% and 3 Hours 
After the Ingestion of S.O Grams of Potassium Bicarbonate 

In 9 patients the serum potassium is distinctly increased over that ob- 
served in normal subjects. Compare with Figure 1. In 3 patients, M. S., 
M. B., and L. G., the serum potassium at 1% hours increased to a potential 
toxic concentration. The curve of patient W. L. is similar to that of normal 
subjects. 


subject." Therefore, patient W. L. was unable 
in 3 hours to eliminate any of the extra potassium 
ingested. A similar calculation for 5 other patients 
revealed an excretion in 3 hours of 4 to 39 per cent 
of the extra potassium ingested. This is in distinct 
contrast to a range from 49 to 100 per cent in our 
studies on normal subjects. 

The clearances of urea were greatly decreased to 
a range from 3 to 15 ml. (Table II). The clear- 
ances of potassium, ranging from 5 to 16 ml., how- 
ever, were similar to those observed in normal 

-In Benedict’s study (11), the starving subject on the 
first day of a prolonged fast excreted 1.63 grams of po- 
tassium in the urine. 


subjects and in some patients who had renal in- 
sufficiency, when both subjects and patients were 
fasting and ingesting water only. It is clear, how- 
ever, that the clearances of potassium, ranging 
from 5 to 16 ml., for our patients were distinctly 
less than those obtained, ranging from 29 to 67 ml., 
for normal subjects who had taken 5.0 grams of 
potassium bicarbonate. These facts indicate that 
in our patients there was a diminished and slower 
response of the kidneys to the stimulus of the po- 
tassium salt than in the normal subject. The kid- 
neys of these patients were capable only of elimi- 
nating a dilute urine but were enabled by continu- 
ous excretion of potassium during the entire 24 
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hours to prevent its excessive retention in the 
blood. 

• The variability of the increases in. the concentra- 
tion of potassium in the serum of 6 patients con- 
trasted markedly with the uniformity of the dimi- 
nution of urinary excretion and clearances of po- 
tassium. The serum concentration, 1% hours 
after ingesting the salt, varied from 19.9 to 36.5 
mgm. or an increase of 5 to 92 per cent from a 
normal mean concentration of 19.0 mgm, in 100 ml. 
The mean reduction in the renal excretion of potas- 
sium in the 6 patients compared to that in normal 
subjects amounted to 1.09 grams or 32 per cent. 

The decreased excretion and clearance of potas- 
sium in patient W. L. is unusually interesting, for, 
as stated in a previous section, the cun,''e of the 
concentration of potassium in the blood serum 
(Figure 2) was identical w'ith that observed in 
normal subjects (Figure 1) and one would there- 
fore infer that this patient had a normal tolerance 
for potassium. However, the greatly reduced re- 
nal excretion of potassium (Table II) signified a 
decreased tolerance for potassium on the part of a 
single organ, the kidney. The results in patient 
W. L. also emphasized the important fact that 
there must be several organs that play a role in 
the internal regulation of potassium. 

STUDIES OF THE ELECTROCARDIOGRAM ® 

There were 2 chief reasons for including serial 
electrocardiographic observ’ations in the study of 
our 10 patients. The first was to ascertain whether 
5.0 grams of potassium bicarbonate, when given 
to these patients, would cause alterations in the 
electrocardiogram similar to those observed in 
normal subjects. The second reason was to de- 
termine whether this relatively moderate dose of 
potassium bicarbonate would lead in patients to 
an excessive increase in the concentration of po- 
tassium in the serum and thus produce toxic ef- 
fects on the heart. In each of the 10 patients se- 
rial electrocardiograms revealed some alterations 
in the T waves of the electrocardiogram (Table 
III). The alterations were often, tliough not in- 
variably similar to those observed in normal sub- 
jects. Thus 5 normal subjects and 10 patients on 
whom this test was performed have revealed 

’ The authors arc indebted to Dr. H. B. Burclicll for 
this detailed interpretation ot the electrocardiograms. 


changes in the electrocardiogram which we think 
are due to a rapid increase of potassium in the 
myocardium. As was to be expected, changes ob- 
served in the patients were more varied than in 
the normal subjects; as a rule they persisted for a 
longer period and were sometimes observ'ed for 
8 hours after the taking of the salt. The changes 
due to potassium were sometimes more difficult to 
evaluate in patients than in the normal subject be- 
cause a number of the control electrocardiograms 
of the patients w'ere abnormal. For example, sev- 
eral patients had previously had severe hyper- 
tension and a tracing characteristic of left ventricu- 
lar strain (Table III). Figures 3A and B show 
serial electrocardiograms with characteristic and 
varied alterations in 2 of our patients (J. R. W- 
andM. S.). 

The electrocardiographic findings for patient 
H. S. (Table III) confirmed our previous clinical 
conception that potassium was more slowly ab- 
sorbed from his intestine than in the 9 other pa- 
tients. The curve of serum potassium slowly rose 
from 22.2 to 23.1 mgm. in 1% hours, and to its 
peak, 31.1 mgm., in 3 hours and fell to 26.0 mgm. 
only after 8 hours. The concomitant changes in 
the electrocardiogram at 1% hours revealed in- 
creased T waves, but at 3 hours these alterations 
in the T waves were much greater and appeared to 
be at their peak. Characteristic changes of the T 
waves, though less than at 3 hours, were present 
at 8 hours. 

The electrocardiographic changes revealed in 
patient W. L. (Table III) at 1% and 3 hours, 
though somewhat atypical, are of interest. It was 
previously pointed out that in this patient the con- 
centration of potassium in the serum increased only 
3.1 mgm. at 1^ hours, an increase similar to that 
found in normal subjects. Therefore we believe 
we have evidence in this patient that at least some 
of the potassium salt was rapid!}' absorbed from 
the intestine and produced concurrent effects in 
the blood serum and in the myocardium that arc 
comparable wfth the response of the normal sub- 
ject. The abnormally decreased renal excretion 
of potassium was the only eridence of a disturbed 
tolerance for this ion. The entire response in this 
patient could be explained by a decreased absorp- 
tion of potassium from the intestinal tract. Ho'.v- 
ever, the eridence given earlier in this paragraj>h 
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and the fact that some uremic patients have an ab- 
normally low concentration of potassium in the 
serum and hence a low concentration in other tis- 
sues strongly support the viewpoint that normal 
absorption occurred and that the extra potassium 
entered tissues low in potassium content. 

We have reliable evidence from the electrocar- 
diographic and blood studies of patient M. S. (Fig- 


ure 3B) that even the ingestion of 5.0 grams of 
potassium bicarbonate will produce toxic effects 
on the heart. In 1% hours the content of potas- 
sium in the blood serum rose from 26.7 to 37.1 
mgm. (Figure 2), an increase of 10.4 mgm., and 
the electrocardiographic tracings revealed early 
intraventricular block (Table III, Figure 3B). 
Previously we (12, 13), as well as other investiga- 
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Fig. 3A. Patient J. 


26.7 


37.1 


36.4 


27.1 25.7 21.7 

R. W. Serial Electrocardiograms Showing the Effect of Increased Serum 
Potassium Levels 


The patient did not reveal any abnormal cardiovascular findings. The first column, recorded shortly before 
administration of potassium, is normal. Following the ingestion of the potassium salt, the records show increases 
of the voltage of the T wave (2 mm. in lead II, 4 mm. in lead IV-R). It is to be noted that while the potassium 
level has fallen 1.4 mgm. between 9:57 and 11 :25 a.m., the T waves are at their highest at the latter time. In 
IV-R there are loss of the late negativity and a slight elevation of the R-T interval. The QRS complexes and 
the various time intervals do not show any significant change. 


B. Patient M. S. Serial Electrocardiograms Showing the Effect of Increased Levels of Po- 
tassium IN THE Serum 

The control tracing is an essentially normal electrocardiogram. With the increase of serum potassium level 
there is a concomitant increase in the height of the T wave and in the length of the QRS interval (from 0.07 to 
0.09 second) . The QRS has become more biphasic and suggests the beginning of the intraventricular conduction 
defect which is so characteristic of the tracing in patients having potassium concentrations approaching the lethal 
level. Such a tracing has not been observed previously with such a small dose of a potassium salt. Attention is 
draum to the characteristic sharply peaked, narrow-base configuration of the T waves as seen in leads II and IV- 
R of the second column. The Q-T intervals are respectively 0.48, 0.48, 0.44, and 0.44 second and the correspond- 
ing R-R times are l.OS, 0.90, 1.10, and 1.15 seconds respectively. On November 26 the serum calcium was 8.4 
mgm. per 100 ml. 
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tors (14), have reported a similar degree of hy- 
perpotassemia and electrocardiographic findings 
of intraventricular block among patients suffering 
from severe uremia and not receiving therapeutic 
doses of potassium salts. These patients died 
shortly afterward because of the toxic effect of the 
potassium on the heart. Fortunately, in this pa- 
tient at the end of 3 hours the evidence of intra- 
ventricular block had almost disappeared although 
the concentration of potassium in the serum was 
still high, 35.4 mgm. Several daj's later, electro- 
cardiograms were taken and proved to be identical 
with those observed before the potassium salt 
was ingested. Sharpey-Schafer in 1943 (7) re- 
ported the temporary induction of intraventricular 
block in a patient who had myocardial degenera- 
tion and had ingested a much larger dose, 15 
grams of potassium salts. Our experience with 
patient M. S. affords objective evidence that in 
chronic nephritis there may be a marked decrease 
of the tolerance for potassium and hence the ad- 
ministration of potassium salts may be a dangerous 
procedure. On the other hand, it is significant 
that in the remaining 9 patients, some of whom had 
veiy' severe renal insufficiency, the electrocardio- 
gram did not reveal definite intraventricular dys- 
function. 


COMMENT 

In 4 cases paresthesias developed in the ex- 
tremities, a fact which we think is clinical e^^dence 
of a lowered potassium tolerance, because these 
symptoms were obseiA^ed previously only in sub- 
jects to whom much larger doses of potassium had 
been adrninistered. In all of our 10 patients the 
excretion of potassium by the kidney was de- 
creased, and in 9 there was an abnormal rise of the 
cuiA'e of serum potassium. Both results indicated 
a definite decrease of tolerance. 

The concentration of potassium in the serum 
rose to potentially dangerous levels in 3 patients, 
but only in a single instance did it produce a dem- 
onstrable toxic effect oh the cardiac muscle. In 
the 3 patients, the extra potassium ingested was 
presumably distributed chiefly in the extracellular 
fluid of the body. Calculation of tlie distribution 
of potassium in 1 of these, patient L. G., \\a.s as 
follows: His body weight amounted to 75.7 kgm. 
If 20 per cent of the body weight may be con- 


sidered to represent the volume of extracellular 
fluid, in this subject it would amount to, therefore, 
15,000 ml. If then 2.0 grams of potassium, less 
that excreted in the urine, is dissolved in 15,000 
ml. of fluid, the estimated increase in the concen- 
tration of potassium would be 12 mgm. per 100 
ml.^ The observed increase in the patient’s serum 
was 14.6 mgm. per 100 ml., which is in close agree- 
ment with the calculated value. 

In 7 patients the potassium ingested was pre- 
sumably distributed, in varjung proportions, be- 
tween the extracellular and the intracellular fluid. 
Hoivever, in a single patient a large proportion ap- 
parently entered rapidly into the intracellular 
fluid. This result would lead one to believe that 
the stores of potassium in the cells of this patient 
were depleted, despite the presence of severe renal 
insufficiency. Our results, therefore, indicate a 
marked variation in the distribution of- potassium 
between the 2 reser\'oirs of body fluid. 

The small increase in the serum curv'e of patient 
W. L. also suggests the possibility that in certain 
patients who have uremia there may be an actual 
increase of tolerance for potassium. In this con- 
nection several obsen'ers have recorded concentra- 
tions of serum potassium distinctly below the nor- 
mal range in patients who have renal disease (12). 
We reported a content of 12.8 mgm. per 100 ml. 
of serum in 1 such patient (15) and Brown, Cur- 
rens and Marchand (16) reported a concentration 
of 7.8 mgm. in the case they reported. 

In the present study we have demonstrated the 
occurrence of a decreased tolerance for potassium. 
This is in agreement with the findings in the blood 
serum in 2 cases of renal insufficiency published b^- 
Greene and his co-workers. Considerable evidence 
also has been advanced for the presence of both a 
normal and an increased tolerance. Further re- 
search is necessaiy- to prove the occurrence of these 
latter conditions. Studies of potassium tolerance 
are also needed in the states of inanition or semi- 
starvation, which develop rather frequently among 
patients suffering from chronic uremia. 

In a preHous paper (17) we recommended 
caution in. administering potassium salts to a 
nephritic patient who has edema and in whom the 
concentration of urea in the blood is 100 mgm. or 


, 2,000 mpm. — 260 rr.qm. 

is.aK) 


= 32 n.em. prr 


3 O') n:I. 
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more per ICX) ml. In 9 cases, in our present series, 
in which the tolerance for potassium was reduced, 
the urea content of the blood varied from 90 to 340 
mgm. per 100 ml. We still rely on this chemical 
observation as a precautionary measure. There- 
fore, it is suggested that a potassium tolerance 
test be carried out if a patient has a blood urea of 
100 mgm. per 100 ml. and the results should pro- 
vide evidence as to whether or not a potassium salt 
could be safely administered. Winkler, Hoff, and 
Smith (5) have emphasized the point that oral 
administration of potassium salts to patients who 
have nephritic edema is a reasonably safe pro- 
cedure and our results support their contention, 
especially when there is an adequate renal excre- 
tion of the metabolites, urea, sulfate, and creati- 
nine. Fortunately the majority of patients who 
have nephritic edema will reveal a concentration of 
urea in the blood which is much less than 100 
mgm. per 100 ml. 

SUMMARY 

A diminished tolerance for potassium has been 
demonstrated in a series of uremic patients. Other 
results of this study suggest the presence of a 
normal tolerance and even an increased tolerance 
for potassium in certain phases of uremia but fur- 
ther research is necessary to prove or disprove 
their actual occurrence. 
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METHODS OF CHEMICAL ANALYSIS EMPLOYED IN THE 
PRESENT STUDY 

Whole blood 

Hemoglobin — Sanford, A. H., Sheard, Charles, and Oster- 
berg, A. E., The pbotelometer and its use in the 
clinical laboratory. Am. J. Clin. Path,, 1933, 3, 405. 

Urea — Van Slyke, D. D., and Cullen, G. E., A permanent 
preparation of urease, and its use in the determina- 
tion of urea. J. Biol. Chem., 1914, 19, 211. 

Crcaiininc — Folin, Otto, Laboratory manual of biologic 
chemistry with supplement. Ed. 3, New York, D. 
Appleton & Company, 1922, pp. 149, 245 and 247. 

Sernm 

Potassium — Kramer, Benjamin, and Tisdall, F. F., A 
clinical method for the quantitative determination of 
potassium in small amounts of serum. J. Biol. Chem., 
1921, 46, 339. This method in our hands has checked 
with gravimetric procedures. The precipitation by 
sodium cobaltinitrite was allowed to proceed for 45 
minutes at icebox temperature in order to obtain 
a good granular precipitate. If this and other steps 
are rigorously adhered to, the method is satisfactory. 
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Calcium — Clark, E. P., and Collip, J. B., A study of the 
Tisdall method for tlic determination of blood serum 
calcium with a suggested modification. J. Biol. Chem., 
1925, 63, 461. 

Tflial proteins — Macro-Kjeldahl technic of estimation of 
- total nitrogen and total protein, calculated after sub- 
tracting nonprotein nitrogen as estimated by the 
micro-Kjeldahl method. 

Albumin and globulin fractions — Howe, P. E., The de- 


termination of proteins in blood; a micro method- 
J. Biol. Chem., 1921, 49, 109. Kingsley, G. R., A 
rapid method for the separation of serum albumin and 
globulin. J. Biol. Chem., 1940, 133, 731. 

Urine 

Urea — Same method as for whole blood. 

Potassium — Same method as for estimation in serum ex- 
cept that urine is ashed before precipitation. 
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Since January of 1943 bilateral section of the 
vagus nerves to the stomach has been performed 
in this clinic on 160 patients with benign duodenal, 
jejunal, and gastric ulcers. The technic employed 
to. obtain complete bilateral vagus section and the 
clinical results have been described elsewhere 
(I'to 4). During the course of this work there 
arose the opportunity to study the effect of vago- 
tomy on the continuous night secretion of gastric 
juice in the empty stomach, on the gastric secre- 
tory response to histamine, caffeine, insulin, and 
sham feeding, and on gastric motility in ulcer pa- 
tients. A report dealing with a portion of these 
studies has appeared recently (5). The present 
paper presents the results of night secretion tests 
on 37 patients with disease? other than benign ul- 
cers and on 42 patients who underwent vagotomy 
for benign ulcer. It describes the gastric secre- 
tory response to insulin hypoglycemia and sham 
feeding before and after vagotomy in 23 ulcer pa- 
tients and the effect of vagotomy on motility in 13 
such patients. 

In general, the patients who underwent vagot- 
omy and are presented here had ulcer symptoms of 
many years’ duration. With only a few exceptions 
they had all experienced typical ulcer pain and in 
most a crater had been demonstrated by gastro- 
duodenal x-ray examination. A majority had 
suffered pyloric obstruction, hemorrhage, or per- 
foration. They were either refractory to medical 
management or had been proved unable to follow 
such a regime. Thus, in every case, the ulcer rep- 
resented a serious affliction. The patients were led 
to accept vagus section because of refractory pain, 
recurrent hemorrhage, pyloric obstruction, or the 
prospect of cure of their ulcer disease without the 
necessity for long-term 'medical management. 

Bilateral section of the vagus nerves to the 
stomach was performed at or just above the level 

This work has been aided by grants from Mr. An- 
drew E. Wigeland and from the Douglas Smith Founda- 
tion for Medical Research of The University of Chicago. 


of the diaphragm. In those cases' which required 
gastroenterostomy because of appreciable pyloric 
obstruction, the vagus section was done through 
the abdominal incision. In one case in this series 
(J. A.) a transabdominal subtotal gastrectomy and 
vagus section were done. 

The results of this procedure have so far been 
extremely gratifying. In many cases x-ray exami- 
nation has demonstrated progressive healing of 
large ulcers over a period of 3 to 12 weeks follow- 
ing operation. Prompt relief of ulcer pain follow- 
ing vagotomy is characteristic. All but 4 of the 
42 patients reported here experienced immediate 
relief of all pain without recurrence. Of these 
4, 2 (M. H. and J. W.) have had abdominal pain 
of an atypical character after vagotomy, and it is 
probable that this pain is not on the basis of ulcer 
disease. The third patient (H. K.) has had a 
single brief bout of epigastric distress since opera- 
tion. A fourth patient continued to have symp- 
toms after operation, and when a total gastrectomy 
was done elsewhere S months later these were de- 
termined to be due to obstruction rather than to 
persistent ulceration (6). 

Fifteen of these 42 patients had postoperative 
diarrhea of varying degree, ranging from 4 to 5 
loose stools per day to replacement of preoperative 
constipation by normal bowel habits. Actual diar- 
rhea has not persisted longer than 3 to 6 weeks fol- 
lowing vagotomy. In some patients the relief of 
preoperative habitual constipation has constituted 
a pleasant surprise and has persisted for months 
and to the present time. Postoperative pain in the 
thoracotomy wound has, with few exceptions, dis- 
appeared within 3 weeks following operation. 

METHODS 

1, The continuous 12-hour night secretion of 
gastric juice 

At 9:00 p.m. the stomach was emptied with a Levine 
tube, or with an Ewald tube if its larger diameter was 
necessary. The stomach was lavaged with water until 
the return was clear. A Levine tube was placed in the 
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stomach and was left in place under continuous Wagen- 
steen suction for the subsequent 12 hours. Most of these 
patients were accustomed t6 intubation and the inlying 
Levine tube did not upset them nor interfere with their 
sleep. Approximately 20 per cent, those who could not 
rest soundly without medication, received 0.12 gram of 
sodium luminal at 9:00 p.m. subcutaneously. While the 
tube was in place the patients were not exposed to the 
sight, smell, or taste of food. The juice aspirated from 
the stomach during the night was collected at 9:00 a.ni. 
and any specimens which contained particles of food were 
discarded. The volume of each specimen was measured 
and the free and total acid were determined in terms of 
"clinical units” by titration with 0.1 N NaOH to the 
change of color with Topfer’s reagent and phenolph- 
thalein, respectively. The figures on night secretion in 

TABLE I 


The continuous night secretion of gastric juice in patients 
with carcinoma of the stomach 


Patient 

no. 

Age 

Vol- 

ume 

Free 

addity, 

clinicil 

units 

Total 

addity, 

dinical 

units 

Total 

add 

output 

Volume 

parietal 

cell 

output 

1 

■ 56 

ml. 

260 

0 

40 

mil. 

10 

ml. 

60 

2 

31 

220 

21 

39 

9 

54 

3 

74 

84 

0 

44 

4 

24 

4 

74 

75 

0 

18 

1 

6 

5 

54 

290 

8 

22 

6 

36 

6 

60 

500 

0 

25 

13 

78 

7 

60 

200 

11 

30 

6 

36 

8 

60 

290 

0 

38 

11 

66 

9 

30 

430 

0 

41 

18 

108 

10 

56 

444 

0 

43 

19 

114 

11 

68 

800 

25 

55 

44 

27 

12 

64 

400 

17 

30 

12 

72 

Average 


333 

7 

35 

13 

57 


TABLE II 

The continuous night secretion of gastric juice in patients 
with cholelithiasis and chronic cholecystitis 


Patient 

CO. 

Age 

Vol- 

ume 

Free 

addity. 

dinical 

units 

Total 

addity, 

clinical 

units 

Total 
' add 

1 output 

Volume 

parietal 

cdl 

output 

1 

27 

ml. 

630 

13 

31 

mil. 

20 

ml. 

120 

2 

49 

100 

0 

24 

2 

12 

3 

27 

360 

12 

26 

9 

54 

4 

51 

175 

13 

30 

5 

30 

5 

45 

445 

0 

27 

12 

72 

6 

61 

600 

0 

17 

10 

60 

7 

59 

140 

48 

69 

10 

60 

8 

39 

300 

10 

25 

8 

48 

9 

49 

260 

24 

53 

14 

64 

10 

62 1 

225 

42 

81 

18 

108 

11 

46 

615 

29 

48 

30 

ISO 

12 

42 

620 

7 

31 

19 

114 

13 

53 

200 

32 

55 

11 

66 

14 

62 

360 

0 

12 

4 

24 

Average 


359 

16 

38 

12 

72 


TABLE III 


The continuous night secretion of gastric juice in patients 
without gastric or dut^enal ulcer 


Patient 

no. 

Age 

Diagnosis 

Vol- 

ume 

Free 

add- 

ity. 

clini- 

cal 

units 

Total 

add- 

ity. 

clini- 

cal 

units 

Total 

add 

out- 

put 

Vol- 

ume 

pari- 

etal 

cell 

output 

1 

53 

Common bile 

ml. 

310 

8 

15 

mil. 

5 

ml. 

30 

2 

58 

duct stenosis 
Ca. of rectum 

700 

62 

78 

55 

330 

3 

57 

Polyp of colon 

480 

31 

48 

23 

139 

4 

51 

Herm'a 

330 

13 

27 

9 

54 

5 

51 

Functional 

378 

44 

69 

26 

157 

6 

41 

bowel distress 
Retroperito- 

442 

0 

57 

25 

151 

7 

45 

neal sarcoma 
Ca. of breast 

400 

35 

65 

26 

157 

8 

37 

Endometriosis 

420 

24 

55 

15 

90 

9 

16 

Terminal 

810 

42 

56 

45 

271 

10 

55 

ileitis 

1 Adhesions of 

640 

37 

59 

38 

1 229 

11 

34 

colon 

Polyp of colon 

336 

20 

30 

10 

60 

Average 



477 

29 

49 

25 

152- 


patients with diseases other than benign ulcer (Tables I 
to III) represent the results derived from an aspiration 
conducted on each patient on the night before operation. 
All figures on the night secretion in ulcer patients before 
and after operation (Tables IV to VI) represent in each 
case the average of 3 or more night secretion tests per- 
formed before and again within 2 weeks after operation. 

It seemed valuable to express the night secretion of the 
stomach in terms of “Total acid output in millimoles” 
and “volume of parietal cell output in ml.” Since the 
total acid concentration of the gastric juice, expressed as 
“clinical imits,” is numerically equal to the number of 
millimoles of HQ per liter in the gastric juice, the fol- 
lowing is true. 

(Total acid in C.U.) X 

(Vol. of night secretion in liters) = 

(Total HQ output in millimoles) 

Moreover, it is known that pure parietal cell secretion 
contains very close to 166 mM. per liter of HQ (7). It 
may therefore be said that : ~ 

(Total HQ output in mM.) . „ 

XI,0«I = 

(Total HQ output in mM.) X 6.02 = 

(Volume of parietal cell output in ml.). 

2 . The visuliu test 

A Levine tube was inserted in the fasting stomach be- 
fore breakfast and the stomach emptied. The patient lay 
quietly in bed in a comfortable semirecumber.t position. 
He was shielded from outside stimuli, cspeciany from 
food. The gastric juice -.x-as collected continuously for 
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a period of approximately 2 hours. The amount aspirated 
in each 10-minute period was measured as to volume and 
free and total acidity. At the end of 30 minutes the pa- 
tient received 20 or 30 units of crystalline insulin sub- 
cutaneously. Blood sugar levels were determined at % 


hour and 2 hours after the beginning of the test. A ma- 
jority of patients showed a mild insulin reaction about 1 
to 1% hours after receiving tlie injection. One or 2 in- 
sulin tests were done on each patient before and again 
within 2 weeks after vagotomy. 


TABLE IV 

The continuous 12-hour night secretion oj gastric juice before and after transthoracic section of the vagus nerves 

to the stomach for duodenal ulcer 


Patient 

Preoperative night secretion 

Postoperative night secretion 

Volume 

Free 

acid 

cone. 

Total 

acid 

cone. 

Total 

acid 

output 

Volume 

parietal 

cell 

output 

Volume 

Free 

acid 

cone. ! 

Total 

acid 

cone. 

Total 

acid 

output 

Volume 

parietal 

cell 

output 


ml. 

C.V. 

C.V. 

mM. 


ml. 

C.V. 

C.U. 

mM. 

ml. 

1. T.M. 

1,138 

78 

81 

92 

553 

494 

25 

37 

18 

108 

2. J.S. 

1,373 

24 

47 

65 

373 

1,065 

36 

55 

59 

355 

3. F.V. 

1,029 

61 

79 

81 

488 

670 

43 

61 

41 

246 

4. J. D. 

612 

42 

54 

33 

199 

548 

7 

68 

37 

224 

5. E. K. 

1,193 

15 

58 

69 

416 

1,180 

42 

81 

95 i 

575 

6. J.M. 

927 

53 

68 

63 

378 

323 

9 

30 


60 

7. M.H. 

578 

25 

48 

28 

168 

312 

26 

57 

18 

108 

8. H.K. 

723 ! 

39 

58 

42 

252 

65 

24 

48 

I 3 

18 

9. H.M. 

775 

36 

54 

42 

252 

428 

6 

44 

19 

114 

10. N. K. 

717 

55 

81 

58 

349 

400 

19 

51 

20 

120 

11. E.T. 

786 

44 

61 1 

48 

288 

358 

0 

30 

11 

66 

12. R.V. 

1,043 

82 

98 

102 

612 

486 

61 

82 

40 

241 

13. W.W. 

756 

54 

72 

55 

331 

523 

15 

56 

29 

175 

14. C.O. 

642 

66 

81 

52 

313 

212 

2 

66 

14 

84 

15. W. K. 

1,086 

46 

63 

68 

407 

295 

11 

25 


42 

16. G. K. 

460 

31 

54 

25 

149 

248 

14 

42 

mm 

60 

Average 

865 

47 

66 

58 

346 

475 

21 

52 

27 

162 


TABLE V 

The continuous 12-hour night secretion of gastric juice before and after transabdominal vagotomy plus posterior 

gastroenterostomy for duodenal ulcer 


Patient 

Preoperative night secretion 

Postoperative night secretion 

Volume 

Free 

acid 

cone. 

Total 

acid 

cone. 

Total j 
acid ' 
output 

Volume 

parietal 

cell 

output 

Volume 

Free 

acid 

cone. 

Total 

acid 

cone. 

Total 

acid 

output 

Volume 

parietal 

cell 

output 


ml. 

C.U. 

C.U. 

mM. 

ml. 

inU 

C.U. 

C.U. 

mil. 

ml. 

1. G.H. 

1,838 

19 

42 

77 

464 

630 

0 

17 

11 

66 

2. T-G. 

881 

43 

75 

66 

397 

663 

57 

83 

55 

331 

3. T. B. 

1,305 

33 

32 

42 

253 

617 

0 

37 

23 

138 

4. N.W. 

623 

56 

56 

35 

210 

370 

33 

55 

20 

120 

5. L.N. 

998 

18 

44 

44 

264 

880 

50 

73 

64 

384 

6. A.F. 

545 

14 

39 

21 

126 

602 

21 

32 

19 

116 

7. J.O. 

856 

62 

84 

72 

432 

540 

2 

26 i 

14 

84 

8. T.B. 

1,160 

21 

39 

45 

271 

940 

2 

35 

33 

198 

9. F.H. 

1,095 

48 

67 1 

74 

445 

770 

0 

39 

30 

180 

10. I.C. 

1,642 ! 

35 

48 ! 

79 

475 

910 

0 

16 

15 

90 

11. F.L. 

755 

60 

65 

49 

295 

500 

31 

40 

20 

120 

12. S.N. 

768 

28 

38 1 

29 

175 

390 

0 

36 

14 

1 72 

13. E.L. 

1,053 

47 

65 

69 1 

415 

1,146 

34 

57 

65 

1 391 

14. H.F. 

1,142 

44 

55 

63 

379 

395 

35 

44 

18 

108 

15. H.W. 

1,241 

32 

51 

62 

373 

902 

0 

29 

26 

157 

16. W.S. 

1,165 

35 

52 

61 

367 

893 

25 

48 

43 

259 

17. J.P. 

405 

23 

45 

18 

108 

517 

14 

52 

27 

16^ 

18. J.A. 

627 

35 

66 

41 

247 

347 

0 

57 

20 

120 

Average 

1,000 

36 

54 

53 

317 

665 

17 

43 

29 

172 







































GASTRIC RESPONSES AFTER VAGOTOMY IN PEPTIC ULCER 


787 


TABLE VI 

The conlintious 12-hcnir night secretion of gastric juice before and after transthoracic section of the vagus nerves 

to the stomach for jejunal ulcer 


Patient 

' 

Preoperative night secretion 


Postoperative night secretion 

Volume 

Free 

acid 

cone. 

Total 

acid 

cone. 

Total 

add 

output 

Volume 

parietal 

cell 

output 

Volume 

Free 

add 

cone. 

Total 

add 

cone. 

Total 

add 

output 

Volume 

parietal 

cell 

output 


mU 

c.u. 



ml. 

ml. 

c.v. 


ml/. 

ml. 

1. J.v. 

niKjn 

30 

hb 

44 

265- 

— 

— 


— 

— 

2. A.W. 


41 


48 

249 

286 

., 0 

25 

7 

42 

3. M.B. 


22 

45 

46 

277 

412 

14 


15 

90 

4. C.B. 


13 

36 

7 

42 

177 

0 

30 

5 

2° 

5. A.W. 

566 

0 

21 

12 

62 

361 

0 

23 

8 

42 

6. G.P. 

1.126 

12 

36 

41 

247 

233 

0 

19 

4 

24 

7. M.S. 


6 

25 

8 

48 

395 

0 

30 

12 

72 

8. J.W. 

1,220 

20 

40 

48 

289 

338 

0 

19 

6 

36 

Average 

795 

18 

38 

32 

185 

315 

2 

26 

8 

42 


3. The sham meal test 

Levine tube was placed in the fasting stomach before 
breakfast and the stomach emptied. The patients sat up 
comfortably in bed and his surroundings were made as 
agreeable as possible. The gastric secretion was collected 
over three 10-minute periods as a control. Then the 
patient was presented with an attractively prepared, ap- 
petizing “breakfast in bed,” consisting of a small glass 
of orange juice, 2 slices of bacon, 2 pieces of lightly 
buttered toast, and 1 cup of coffee with cream and sugar. 
The patient proceeded just as he would with any ordi- 
nary breakfast, except that after tasting and chewing it 
he expectorated the food into a tall container, so chosen 
as to prevent him from seeing the masticated food it held. 
The gastric secretion was collected continuously and por- 
tioned into 10-minute samples for 1 to P,t, hours after 
the test breakfast was begun. The volume and free and 
total acidity of each sample were determined. If the pa- 
tient swallowed any of the test breakfast, the test was dis- 
carded. The patient usually spent 10 to 15 minutes from 
start to finish of the test meal. One or 2 sham meal tests 
were done on each patient before and after vagotomy. 

4. Gastric motility 

A kliller-Abbott tube was inserted into the fasting stom- 
ach and the balloon was inflated to a pressure of 15 to 25 
cm. of water. A record of gastric motility was obtained 
on a smoked drum by means of a water manometer con- 
nected to this balloon. During each test the patient lay 
supine or on his right or left side. Ko medication was 
given to these patients during these tests, but most of 
them slept at least part of the time. At each test it was 
determined whether the patient had normal “tonus” waves 
and normal “hunger contraction." It was also determined 
whether the patient could feel and identify distention of 
the balloon beyond the amount used for recording and 
wliethcr the passage of the contraction waves were ac- 
companied by any sensation. The motility test was per- 


formed once before and again once within 2 weeks after 
vagus section. 

RESULTS 

1. The continuous 12-hour night secretion of gas- 
tric juice 

It will be seen from perusal of Tables I to IV that 
there is a marked differende between the ulcer pa- 
tients and those without benign ulcers in both quan- 
tity and acidity of juice aspirated by continuous 
suction during the 12-hour nocturnal period. The 
average volume in 12 patients with carcinoma of 
the stomach was 333 ml. with a free acidity of 7 
and a total of 35 clinical units. That of 14 pa- 
tients with cholelithiasis was 359 ml. with a free 
and total acidity of 16 and 38 units. Eleven pa- 
tients with miscellaneous other diseases averaged 
a night secretion of 477 ml. with a free aridity of 
29 and a total of 49 clinical units. These figures 
contrast with those obtained in 42 patients with 
benign ulcers. The average night secretion of the 
16 patients presented in Table IV, all of whom had 
little or no element of pyloric obstruction, was 865 
ml. with a free arid of 47 and a total of 66 clinical 
units. In Table V, consisttng of patients with 
moderate to marked pyloric obstruction, the aver- 
age volume of nocturnal secretion is 1,000 ml. free 
aridity 36 and total 53 clinical units. Even somt; 
of the patients with jejunal ulcers following gastric 
resection (J. V'. and G. P. in Table VI) sb.ow an 
elevated arid output. As determined by tr.is 
method the difference in arid output Ixrtween pa- 
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tients with benign ulcers and without is great. The 
exceptions to the rule are few. 

Analysis of Tables IV to VI also reveals that 
section of the vagus nerves to the stomach, with 
few exceptions, causes a marked reduction in the 
volume and acidity of the nocturnal gastric aspira- 
tion. The average total acid output of the stomach 
in 16 patients (Table IV) was halved by vagot- 
omy. Two of these patients, however (J. D. and 
E. K.), showed no reduction. It is not surprising 
that the average acidity of the aspirate was re- 
duced after vagotomy plus gastroenterostomy 
(Table V), but it should be noted that the volume 
of aspirate was also reduced, despite regurgitation 
of duodenal juices through the gastroenterostomy 
stoma. The night secretion of all but 1 of 7 pa- 

TABLE vn 

Gastric secretory response of duodenal ulcer patient {F. V.) 
to insulin-induced hypoglycemia before and after 
transthoracic section of the vagus 
nerves to the stomach 


Time 

Vol- 

ume 

Free 

acid 

Total 

acid 

Remarks 


ml. 

C.U. 

C.U. 



Four days before operation 


8:30-8:40 a.m. 

31 

69 

88 


8:50 

23 

48 

69 


9:00 

24 

51 

70 

9:00 20 units insulin 

9:10 

31 

43 

62 

given subcutaneously 

9:20 

13 

31 

47 


9:30 

11 

24 

43 


9:40 

9 

15 

34 


9:50 

19 

8 

27 


10:00 

8 

9 

28 


10:10 

38 

40 

62 


10:20 

40 

81 

105 


10:30 

33 

107 

130 


10:40 

39 

105 

127 


10:50 

41 

111 

129 


11:00 

33 

112 

131 



Eight days after operation 


8:30-8:40 a.m. 

45 

44 

56 


8:50 

40 

51 

59 


9:00 

16 

SO 

60 

9:00 20 units insulin 

9:10 

7 

53 

65 

given subcutaneously 

9:20 

8 

54 

65 


9:30 

7 

45 

62 


9:40 

2 

21 

36 


9:50 

15 

26 

40 


10:00 

2 

31 

37 


10:10 

— 

— 

— 


10:20 

6 

38 

49 


10:30 

2 

39 

53 


10:40 

5 

26 

40 


10:50 

5 

20 

37 



TABLE vni 

Gastric secretory response of duodenal ulcer patient (/. 0.) 
to insulin-induced hypoglycemia before and after 
transabdominal vagotomy plus pos- 
terior gastroenterostomy 


i 

Time 

Vol- 

ume 

Free 

acid 

Total 

acid 

Remarkg 


ml. 

C.U. 

C.U. 



Three days before operation 


8:00-8:10 a.m. 

58 

90 

101 


8:20 

28 

86 

97 

8:30 Fasting blood sugar 

8:30 

56 

75 

95 

52 mgm. per cent 

8:40 

27 

85 

95 

8:30 30 units insulin 

8:50 

40 

83 

97 

given subcutaneously 

9:00 

36 

65 

80 


9:10 

26 

54 

70 


9:20 

4 

70 

85 


9:30 

36 

93 

112 

9:30 Feels hot and hands 

9:40 

40 

95 

113 

and feet are numb. 

9:50 

42 

113 

132 

Flushed. Slight tremor 

10:00 

42 

124 

136 

10:00 Blood sugar 20 

10:10 

25 

124 

136 

mgm. per cent 

10:20 

25 

113 

129 


10:30 

25 

110 

129 



Twelve days after operation 


8:00-8:10 a.m. 

3 

6 

17 


8:20 

12 

0 

13 

8:30 Fasting blood sugar 

8:30 

10 

0 

11 

76 mgm. per cent 

8:40 

10 

0 

12 

8:30 30 units insulin 

8:50 

12 

0 

17 

given subcutaneously 

9:00 

18 

0 

9 


9:10 

17 

0 

12 


9:20 

17 

0 

11 


9:30 

8 

0 

12 


9:40 

15 

0 

20 


9:50 

8 

0 

10 


10:00 

8 

0 

16 


10:10 

10 

0 

15 

10:00 Blood sugar 44 

10:20 

9 

0 

15 

mgm. per cent. Feels 

10:30 

8 

0 

12 

weak 


tients with jejunal ulcers (Table VI) was also re- 
duced after vagotomy. 

2. The insulin test 

The protocols of representative insulin tests 
are presented in Tables VII to IX. There was no 
consistent response to insulin hypoglycemia in 
terms of volume of 10-minute secretions. There 
was, however, a regular response in terms of acid- 
ity of the aspirate following the injection of insulin. 
Beginning 60 to 90 minutes following injection, 
there was usually a marked rise in free and total 
acidity of the aspirated juice. In reviewing this 
series of tests it appeared that there was a ran- 
dom variation of the acidities of the samples that 
amounted to approximately 20 clinical units in 
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TABLE IX 

Gastric secretory response of duodenal ulcer patient (G. H.) 
to insulin-induced hypoglycemia before and after 
transabdominal vagotomy plus pos- 
terior gastroenterostomy 


Time 

Vol- 

ume 

Free 

add 

Total 

add 

Remarks 


ml. 

C.U. 

C.V. 


Three daj 

s before operation 

7:20-7:30 a.m. 

20 

0 

16 

7:30 20 units insulin 

7:40 

30 

0 

14 

given subcutaneously 

7:50 

22 

0 

17 

8:00 

15 

0 

21 


8:10 

10 

0 

20 


8:20 

8 

0 

15 


8:30 

50 

17 

40 


8:40 

64 

39 

56 

8:40 Feels hungry and 

8:50 

39 

55 

70 

listless 

9:00 

60 

55 

69 

8:50 Blood sugar 14 

9:10 

60 

48 

59 

mgm. per cent 

9:20 

62 

60 

72 

9:00 Feels weak 

9:30 

53 

42 

58 



Ten days after operation 


7:00-7:10 a.m. 

6 

0 

12 


7:20 

8 

0 

6 

7 :30 Fasting blood sugar 

7:30 

3 

0 

9 

71 mgm. per cent 

7:40 

4 

0 

9 

7:30 20 units insulin 

7:50 

14 

0 

6 

given subcutaneously 

8:00 

7 

0 

10 


8:10 

2 

0 

8 


8:20 

1 

0 

9 


8:30 

6 

0 

21 


8:40 

4 

0 

8 


8:50 

4 

0 

14 


9:00 

1 

0 

9 

9:00 Blood sugar 23 

9:10 

1 

0 

9 

mgm. per cent 

9:20 

1 

0 

17 


9:30 

1 

0 

15 



some cases. Therefore, it was arbitrarily decided 
to call the response positive only in those cases in 
which the total acidity increased following insulin 
administration by more titan 20 clinical units over 
its control values. Using this criterion, 5 of the 
22 ulcer patients tested failed to respond pre- 
operatively b^^ increased acidity of the gastric as- 
pirate to 1 or 2 insulin tests. Following vagotomy, 
18 of 21 patients tested failed to respond. No 
patient who failed to respond before operation gave 
a positive response after operation. 

3 . T/ie sham meal test 

Tile protocols of representative sham meal tests 
are presented in Tables X to XII. Here again the 
volumes of the 10-minute samples were so ^•ariable 
that they were considered to be meaningless. 


Typically a marked increase in the free and total 
acidity of the gastric aspirate began within 10 to 20 
minutes of the mastication of the sham meal and 
continued for over an hour. Again it was decided 
to designate a fesponse as positive if the total 
acidity increased by 20 clinical units or more over 
its control value. Fifteen of 20 ulcer patients 
tested before operation gave a positive response 
to the sham meal. Following vagotomy only 2 
of 22 patients tested gave a positive response. All 
patients who failed to respond to the sham meal 
before operation also failed to respond postopera- 
tively. 

4. Gastric motility 

Thirteen of the 23 ulcer patients whose response 
to insulin and the sham meal are reported in this 
paper underwent a gastric motility test before and 
after vagotomy. The results were much the same 
in every case. Two representative tracings are 
presented in Figures 1 and 2. All 13 patients 

TABLE X 


Gastric suretory response of duodenal ulcer patient (T. M.) 
to sham meal brfore and after transthoracic section 
of the vagus nerves to the stomach 


Time 

iVol- 
! ume 

Free 

add 

Total 
acid ] 

Remarks 


1 ml. 

c.u. 

C.U. 



Six days 

before operation 

7:30-7:40 a.m. 

*1 

67 

84 


7:50 

14 

69 

84 1 


8:00 

2 

29 

45 1 

8:00 Sham meal begun 

8:10 

25 

46 

63 

8:20 

20 

97 

111 

8:20 Sham meal com- 

8:30 

18 

76 

93 

pleted 

8:40 

13 

100 

114 

8:50 

13 

102 

117 


9:00 

19 

98 

113 


9:10 

7 

92: 

109 


9:20 

19 1 

85] 

100 1 


9:30 

9 

69 

87 



Ten day 

s after operation 

1 

7:00-7:10 a.m. ' 

7 i 

19 

42 


7:20 

14 

27 1 

51 

7:20 Sham meal begun 

7:30 

12 

25 

56 

7:40 

11 ' 

22 ! 

0# 

7:40 Sham meal com- 

7:50 

4 

28 

66 

pleted 

8K)0 

9 

IS 

60 

8:10 

2 ' 

30 

54 


8:20 

12 

28 

53 


SJO 


21 

5 A 


8:40 

? ! 

28 

i -'S 


8:50 

^ 1 

25 

! 58 


QKM 

7 1 

?1 

. 
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TABLE XI 


Gastric secretory response of duodenal ulcer patient (J. C.) to 
sham meal before and after transabdominal section of 
the vagus nerves plus posterior gastroenterostomy 


Time 

Vol- 

ume 

Free 

acid 

Total 

acid 

Remarks 


ml. 

C.D. 

C.U. 



Two days before operation 


8:00-8:10 a. m. 

18 

0 

14 


8:20 

21 

14 

38 


8:30 

21 

49 

60 

8:30 Sham meal begun 

8:40 

30 

70 

80 

8:40 Sham meal com- 

8:50 

60 

80 

102 

pleted 

9:00 

40 

97 

105 

9:10 

20 

70 

94 


9:20 

27 

63 

71 

• 

9:30 

20 

74 

85 


9:40 

20 

68 

80 


9:50 

20 

67 

80 


10:00 

32 

58 

62 



Seven days after operation 


8:00-8:10 a.m. 

8 

i 8 

33 


8:20 

! 5 

8 

I 27 


8:30 

6 

15 

31 


8:40 

7 

14 

29 


8:50 

6 

0 

24 


9:00 

7 

10 

25 

9:00 Sham meal begun 

9:10 

11 

0 

30 

9:10 Sham meal ended 

9:20 

7 

5 

34 


9:30 

5 

19 

38 

All samples bile 

9:40 

4 

20 

38 

stained 

9:50 

10 

0 

30 


10:00 1 

9 | 

1 

5 

32 



tested showed a basal “tonus” rhythm with a fre- 
quency of 2 to 3 per minute (wave duration of 20 
to 30 seconds) . This was unaltered by vagotomy. 

All 13 also showed larger “hunger contraction” 
■waves, as described by Carlson (8), sometimes 
coming irregularly and sometimes in , series, each 
wave having a duration of roughly 60 seconds. 
In 12 of these 13 patients these hunger contrac- 
tions were absent 10 to 14 days following vagus 
section. In the other patient (J. G.) they were 
present, but much weaker and more irregular than 
before operation. The preoperative hunger con- 
traction waves were stronger and more frequent 
in patients whose ulcers were complicated by a de- 
gree of pyloric obstruction than in those without 
obstruction. There is evidence that these hunger 
contractions return within several months follow- 
ing vagotomy. They were present and normal 
in appearance in the case of J. G., when tested 3 
months following vagotomy. Another patient 


(N. W.) had no such waves 10 days following 
transthoracic vagotomy, but had normal contrac- 
tion waves 8 days following posterior gastro- 
enterostomy for pyloric obstruction V/j months 
later. A third patient (N. K.) had normal rushes 
of hunger contractions 11 months following trans- 
thoracic vagotomy. 

In all patients tested, distention of the stomach 
by the inlying balloon was felt as a vague epigas- 
tric pressure or gas pain, and there was no ap- 
preciable difference in the quality of the sensation 
nor its threshold after vagotomy. Five of the 13 
patients upon whom motility studies were done 
were sufficiently introspective accurately to iden- 
tify preoperatively the hunger contraction waves, 
describing the sensation as a “pulling in the 
stomach,” a “feeling of suction,” and as “hunger 
pangs.” Within the first 2 weeks following vagot- 
omy none of these had sufficiently good contraction 

TABLE xn 


Gastric secretory response of duodenal ulcer patient (J. A .) to 
sham meal before and after transabdominal section of 
the vagus nerves plus subtotal gastric resection 


Time 

Vol- 
j ume 

Free 

acid 

Total 

acid 

Remarks 


ml. 

C.U. 

C.U. 

1 



Eleven days before operation 


8:00-8:10 a.m. 

34 

1 

0 

11 



8:20 

28 1 

22 

39 

8:20 

Sham meal begun 

8:30 

11 1 

41 

74 


8:40 

10 

17 

69 

8:45 

Sham meal com- 

8:50 

7 

20 

65 

pleted 1 

9:00 

13 

0 

49 


1 

9:10 

8 

33 

92 



9:20 

9 

55 

109 



9:30 

23 

60 

98 



9:40 

15 

56 

88 



9:50 

42 

45 

78 





Twelve days after operation 


7:30-7:40 a.m. 

5 

0 

38 


7:50 

25 

0 

26 


8:00 

5 

0 

17 

8:00 Sham meal begun 

8:10 

11 

0 

23 

8:20 

9 

0 

33 

8:20 Sham meal com- 

8:30 

6 

0 

27 

pleted 

8:40 

13 ' 

0 

24 

8:50 

6 

0 

17 


9:00 

4 

0 

19 


9:10 

10 

0 

18 


9:20 

6 

0 

15 


9:30 

5 

0 

19 


9:40 

2 

0 

15 


9:50 

6 

0 

17 


10:00 

20 

0 

23 
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MINS. 10 20 30 40 

Fig. 1. Tracings Showing the Motility of the Fasting Stomach of a Patient (A. F.) with a Duodenal 
Ulcer 2 Days Before (A) and 8 Days After (B) Subdiaphragmatic Vagotomy Plus Posterior Gastroenter- 
ostomy 


waves to give a fair test for postoperative sensa- 
tion of this sort. 

DISCUSSION 

During the past 3 years the results of section of 
the vagus nerves for refractory peptic ulcer have 
been excellent, both in our hands and those of 
others (4, 5, 9). Ulcer pain has been absent fol- 
lowing vagotomy, but the fact that in a few 
instances it has occurred briefly makes it un- 
likely that pain of this sort is mediated via the . 
vagi. Several of our patients (J. G. and N. W.) 
have suffered rather marked gastric retention 
following vagotomy, as evidenced by distention, 
belching of foul gas, and anorexia, and as de- 
termined by x-ray examination. This was re- 
lieved after gastroenterostomy. In several other 
patients milder symptoms of this sort, present dur- 
ing the first 2 to 4 weeks following vagotomy, have 
elea>-ed spontaneously without any additional oper- 
ative 'procedure. The initial hypomotilitj' of the 
stomach after vagotomy will combine with pyloric 
obstruction, in cases where it is present, to pro- 
duce decreased gastric emptjnng. As a result, it 
IS necessarj’ to combine vagus section with gastro- 
enterostomy in cases which show an appreciable 


amount of pyloric obstruction before operation. ■ It 
is also imperative to keep an indwelling suction 
tube in the stomach for the first 2 to 4 days after 
vagotomy to prevent distention and possible acute 
dilatation of the atonic viscus. 

The postoperative tendency toward loose bowels, 
which has been an unexpected feature in the post- 
operative course of 15 of the 42 patients presented 
here, remains unexplained. On theoretical 
grounds, parasympathetic dener\'ation of the gas- 
trointestinal tract down to the mid-colon would 
seem more likely to result in constipation. 

The operation of vagus section for peptic ulcers 
is predicated upon the theorj' that an abnormally 
increased interdigestive secretion of gastric acid 
and possibly pepsin, mediated bj- impulses pro- 
ceeding down the vagus neiA-es, is a major factor 
in the pathogenesis of such ulcers. Cushing in 
1932 (10) reported a group of cases in which le- 
sions in the midbrain resulted in fatal ulceration of 
the upper gastrointestinal tract. Under c.xpcri- 
mental conditions typical peptic ulcers can be pro- 
duced by artificially induced h\-pcrsccrction of 
gastric juice (11) and by permitting the gastric 
juice to act on the intestinal mucosa without lieing 
neutralized by duodenal secretions (12 to 14). It 
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Fig. 2. Tracings Showing the Motility of the Fasting Stomach of a Patient (J. G.) with 
A Duodenal Ulcer 1 Day Before (A) and 9 Days After (B) Subdiaphragmatic Section of the 
Vagus Nerves to the Stomach 


is therefore important to determine whether or not 
ulcer patients do have an abnormally increased 
interdigestive gastric secretion and whether their 
secretion is reduced following section of the vagus 
nerves. The continuous nocturnal gastric aspira- 
tions reported here represent an effort to answer 
these questions. 

Night secretion tests on patients as performed by 
the technic described in this paper have their limi- 
tations and must be interpreted cautiously. Great 
care must be taken to ensure that the Levine tube 
does not become plugged or kinked in the stomach 
during the night, resulting in a volume of aspirate 
less than would be obtained under ideal conditions. 
There is a consistent alteration in character of the 
aspirate following vagotomy, in that it becomes 
more mucoid in nature. The increased viscosity 
may tend to reduce the volume of juice aspirated 
below its correct value. 

There is an inevitable amount of regurgitation 
of duodenal juice into the stomach in most cases, 
probably more marked in those patients with gas- 


troenterostomies or gastric resections. This might 
be expected to alter somewhat the volume of as- 
pirate but should not alter the' calculated total HCl 
output. There is also undoubtedly some loss of 
gastric juice through the pylorus and this should be 
decreased in the presence of pyloric obstruction. 
On comparing Tables IV and V it may be seen that 
the actual volumes obtained in IS cases with py- 
loric obstruction were somewhat elevated above 
those obtained in 16 cases without appreciable ob- 
struction, but that the free and total acidities were 
not greatly different in the two groups. Finally, 
it must be recognized that the non-ulcer patients 
considered in Tables I to III do not constitute an 
ideal control group because of the presence of 
pathology other than ulcer.' 

Despite these limitations the results summarized 
in Tables I to VI are sufficiently-consistent and tlie 
differences sufficiently great to state unequivocally 
that the continuous night secretion of gastric juice 
was markedly greater in the ulcer patients than in 
those without ulcers, both in volume and acidity. 
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This is particularly emphasized if the calculated 
total acid output or volume of parietal cell secretion 
is considered. These conclusions are at variance 
\nth those of Sandweiss et al (15) -whose studies 
caused them to conclude tliat the “nocturnal vol- 
ume of gastric juice in patients with duodenal ulcer 
(as obtained by continuous suction) is on the aver- 
age not greater than that of normal subjects of the 
same age and sex.” However, their patients ex- 
perienced only mild ulcer distress and their ulcer 
disease was neither so active, so prolonged, so re- 
fractorj' to medical management, nor subject to 
so many complications as the disease in our series. 
Even so, they did note hypersecretion of HCl in 
several of their ulcer patients, and these were, in- 
terestingly enough, patients presenting more or 
less intractable ulcers clinically. In our experience 
interdigestive gastric secretion studies have con- 
stituted a logical and satisfying corroboration to 
the excellent clinical results of vagus section. 

The insulin test was proposed by Ihre (16), 
Babkin (17), and Hollander (18) as a method of 
investigating the integrity and function of the 
vagus nerves to the stomach. Gastric secretion 
is stimulated as a result of the hypoglycemia in- 
duced by insulin (19, 20) and this response is 
abolished by vagus section (21, 22). In the tests 
presented in this paper the increase in acidity of 
the gastric juice occurred at roughly the same time 
as the maximum fall in blood sugar. In a study of 
17 ulcer patients, Thornton, Storer and Dragstedt 
(5) found that 15 gave a positive response to in- 
sulin hypogl 3 'cemia before vagotomy and that onlj' 
1 of these responded after vagotomj'. The results 
obtained in the present group of 23 additional ulcer 
patients are roughly the same, a few failing to re- 
spond in 1 or 2 insulin- tests before operation. 
Three of our patients gave a definite positive re- 
sponse following operation. A fourth (J. G.), 
though showing a negative response 2 weeks fol- 
lowing vagus section, had a positive response to 
both the insulin and sham meal test 3 months fol- 
lowing vagotomy. It should be noted that all of 
these 4 patients underwent \'agotomy via the ab- 
dominal route, a technically more difficult approadi 
to obtain complete bilateral vagus section than 
through the thorax. Their ]X)Stoperativc response 
to insulin may be indicative of residual -^-agus 
inner\-ation of the stomach. Another patient (X. 


K.), on the other hand, still showed a negative re- 
sponse to insulin 11 months after vagotomy. We 
were unable to note any appreciable difference in 
the ’response to insulin between our ulcer patients 
and 6 normal young adults tested in the same 
manner. 

The sham meal test elicits a gastric response 
which is likewise dependent upon an intact vagal 
inneiA'ation of the stomach. Pavlov showed in 
dogs (23) that the gastric secretorj- response to 
sham feeding and to conditioned reflexes is abol- 
ished by vagus section. Necheles and Maskin 
(24) studied the response of normal and ulcer pa- 
tients to sham feeding and found little difference 
betrveen the two groups. A previous attempt on 
a group of 10 of our patients (5) yielded positive 
responses before operation in onlj' 3 cases, after 
operation in none. 

Some care must be taken in performing the sham 
meal test if best results are to be obtained. The in- 
lying Levine tube is naturally' distracting to the pa- 
tient. Positive results were obtained much more 
consistently in those ulcer patients who had had 
long experience with gastric intubation than in 
those imused to the procedure. A positive response 
was often obtained on a second test, when it had 
been absent on the first. It is probable that a pos- 
itive response could finally be obtained in almost 
ever}' patient if a sufficient numbr of tests were 
done. Ever}' effort must be made to present the 
patient with an appetizing sham meal and to 
shield him from the sight of the expectorated food. 
If the patient swallows at all during the test, the 
test is invalidated due to the stimulating effect 
on secretion of the food itself in the stomach. The 
response to the sham meal constitutes a conditioned 
as well as an unconditioned reflex, and psychic in- 
hibition of the normal response occurs easily. 

Out of the 20 patients upon whom sham meal 
tests were done before vagotomy and whose data 
are summarized in Table XIII, 15, gave a positive 
response to at least one of 1 or 2 sham meal tests. 
Following vagotomy, only 2 of 22 gave positive re- 
sponses. This again may represent residual vagus 
inner\’ation to the stomach in these cases. Tlic 
sham meal test and the insulin test appear to be 
about equally reliable criteria of the intcgrit}- of th.e 
1 -agi. and they supplement each other in a useful 
manner. 
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TABLE Xni 

The secretory response of the stomach to insulin hypoglycemia 
and to sham feeding before and after section of the 
vagus nerves to the stomach in patients 
•with driodenal ulcers 


Patient 

Operation 

Preop. 

response 

to 

insulin 

Postop. 

response 

to 

insulin 

1 

Preop. 

response 

to 

' .sham 
* meal 

Postop. 

response 

to 

sham 

meal 

1. T. M. 

2. J.S. 

Transthoracic 

vagotomy 

Transthoracic 

vagotomy 

-f- 

— 

1 

+ 

1 

3. F. V. 

Transthoracic 

vagotomy 

-h 


l + 


4. J.D. 

Transthoracic 

vagotomy 

-f 


-h 


5. E. K. 

Transthoracic 

vagotomy 


1 

1 

— 

6. J.M. 

Transthoracic 

vagotomy 

+ 

1 

1 ^ 

1 


7. M.H. 

Transabd. 

vagotomy 

+ 

i + 

+ 

+ 

8. J.V. 

Transth. vag. 
(jejunal ulcer) 

i + 

1 

i 

, -b 


9, A.W. 

Transth. vag. 
(jejunal ulcer) 

1 

1 


4* 


10. G.H. 

Transabd. vag. 
plus PGE 

+ 


4- 


11. J.G. 1 

1 

Transabd. vag. 
plus PGE’ 

+ 


+ 

1 

1 

12. T. B. ' 

Transabd. vag. 
plus PGE 

+ 




13. N.W. 

Transabd. vag. 
plus PGE 

+ i 


+ 


14. L. N. 

Transabd. vag. 
plus PGE 

-f- 

+ 



15. A.F. 

Transabd. vag. ' 
plus PGE 


1 


-b 

16. J.O. 

17. T.B. 

Transabd. vag. 

plus PGE 
Transabd vag. 
plus PGE 

4" 

- 

1 

— 

18. F.H. 

Transabd vag. 
plus PGE 

+ 

1 

-b 

1 


19. I.C. 

Transabd. vag. 
plus PGE 



-b j 


20. F.L. 

Transabd. vag, 
pins PGE 


1 

+ ! 


21. S.N. 

Transabd. vag. 
plus PGE 

+ 


+ 


22. E.L, 

Transabd. vag. 
plus PGE 

+ 

+ 



23. J.A. 

Transabd. vag., 
gastric resec- 
tion 



-b 



Note: Results recorded above are derived from 1 or 2 
tests of each sort performed before operation and repeated 
within 2 weeks after operation. 


The gastric secretory response to insulin and 
the sham meal are thus mediated via the vagus 
nerves, should be absent after complete vagotomy, 
and is to be sharply differentiated from the re- 
sponse to histamine and caffeine which has been 
shown (5) to be little altered by vagotomy. 

The results presented here regarding gastric 


motility and .sen.sation in 13 ulcer patients suh- 
jeeted to vagotomy agree with those obtained pre- 
viously in this clinic in a study of 8 earlier cases 
and arc in accordance with the findings of Moore 
ct a! (9), Vagus section docs not seem to impair 
the sensation resulting from gastric distention, nor 
the sensations of nausea and appetite. Ulcer pain 
can be felt following vagotomy. We have not yet 
been able to determine whether typical hunger 
pang sensations that can be correlated with gastric 
hunger contractions persist following vagus section. 

SUMMARY 

1. The continuous night secretion of gastric 
juice in the empty stomach of patients with be- 
nign ulcer is, as a rule, greater in volume and 
acidity than that of patients without such ulcers. 
It is usually markedly reduced following section of 
the vagus nerves to the stomach. 

2. The secretory response of the fasting stomach 
of patients with' benign ulcer to the stimulation of 
insulin hypoglycemia and of a sham meal is abol- 
ished by vagus section. 

3. The motility of the empty stomach of patients 
with benign ulcer is, as a rule, markedlj' reduced 
for at least 2 weeks following section of the vagus 
nerves to the stomach. It returns toward normal 
limits within a period of 1 to 3 months. 

4. Following section of the vagus nerves to the 
stomach, our ulcer patients have shown healing of 
their ulcers on x-ray examination and, with rare 
exceptions, they have experienced immediate and 
persistent relief from ulcer pain and freedom from 
subsequent development of hemorrhage, perfora- 
tion, or pyloric stenosis. 
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METABOLIC ALTERATIONS FOLLOWING THERMAL BURNS. VII. 
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(Received for publication October 30, 1946) 


Previous work ( 1 ) demonstrated that following 
an experimental burn animals were in negative ni- 
trogen balance on a caloric and protein intake that 
had been sufficient to maintain nitrogen equilib- 
rium during several control periods prior to burn- 
ing. The total circulating plasma proteins in 
these animals remained the same, or in some in- 
stances increased slightly, while the concentration 
and total amount of albumin decreased (2). It 
has been well established (3 to 6) that patients 
suffering from burns show a nitrogen deficit and a 
decrease in the plasma protein concentration. 
Since it has been suggested that the prevention or 
alleviation of the nitrogen loss would improve the 
status of the patient it seemed important to attempt 
to do this by increasing the protein intake or by 
reducing the 'protein catabolism through the ad- 
ministration of testosterone propionate, or me- 
thionine. It has been proposed that if force-feed- 
ing of protein is employed that such feeding 
should be started at the earliest possible mo- 
ment (6, 7). By means of increasing the nitrogen 
intake in a group of patients, the negative nitrogen 
balance was prevented or diminished, but in most 
instances when the very high diets were given 
early, they were poorly tolerated (8). In order to 
have a better understanding of the importance of 
securing a positive nitrogen balance at an early 
stage, and ways of attaining it, dogs were treated 
shortly after being burned, by force-feeding or by 
a normal diet plus methionine or intramuscular in- 
jections of testosterone propionate. 

EXPERIMENTAL 

Selection of the animats, diet, and methods of analyses 
as wett as method of burning have been previously de- 

iThe work described in this paper was done in part 
under a contract recommended by the Committee on Medi- 
cal Research, between the Office of Scientific Research and 
Development and Wayne University College of Medicine. 
It was supported in part by a grant from the Theodore A. 
McGraw Fund. 


scribed (1). Four animals were used for the force-feeding 
c.vpcriments and 2 each for the testosterone and methio- 
nine studies. The first 2 animals in the force-fed groups 
(Nos. 10 and 11) were given a mixture of Nutramigen 
and Amigen- following the burn, in an amount sufficient 
to triple the nitrogen and double the caloric intake they 
had received previous to tlic burn. Tiie other animals 
(Nos. 12 and 13) in the force-fed group following the 
burn were fed a mixture of Amigen and Aminoids ® which 
provided a nitrogen intake approximately 3 times the 
amount they had taken during the control period. The 
caloric intake in this latter group was not materially al- 
tered. The food was mixed in a Waring Blendor with 
a measured amount of water and fed by stomach tube 
in 3 divided doses. The first feeding was administered a 
few hours following the burn. Two animals (Nos. 14 
and 15) were maintained on the same diet they had re- 
ceived previous to the burn and were given intramuscular 
injections of 25 mgm. of testosterorie propionate^ daily 
for 15 days. Two other animals (Nos. 16 and 17) follow- 
ing the burn were given the regular diet plus methionine ® 
in an amount equal to 1.5 per cent of the diet. 

RESULTS 

The data on 3 of the 4 force-fed animals (Nos. 
II, 12 13) are shown in Table 1. The nitrogen 
deficit was reduced over that of the previously re- 
ported normally fed dogs ( I ) , but the institution of ' 
early force-feeding was poorly tolerated. No col- 
lections were obtained on dog No. 10 of the force- 
fed group because of marked vomiting and diar- 
rhea, and the clinical condition of this animal was 
such that it was sacrificed on the sixth day follow- 
ing the burn. The food intake was reduced for 
dog No. 11 and a 3-day urine sample was obtained 
from the 4th to the 7th day. The results indicate 
that the animal was close to nitrogen balance dur- 

2 Kindly supplied by Mead Johnson and Co., Evans- 
ville, Irid. 

2 Kindly supplied by the Arlington Chemical Co., Yonk- 
ers, N. Y. 

^ Perandren, kindly supplied by the Ciba Pharma- 
ceutical Products, Inc, 

® Kindly supplied by Merck & Co., Inc. Rahway, N. J. 
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TABLE I 


The effect of force-feeding on the nitrogen balance following an experimental burn 


Dog 

Period 

No. of 
days in 
period 

Ave. N 
intake 
per day 

Ave. nitrogen output per day 

Ave. N 
balance 

Caloric 

intake 

Body 

wt.^ 

Total 
urinary N 

Fecal N 

Total N 


1 

4 

9.76 

7.87 



1.89t 


15.2 

11 

2 

5 

9.76 

7.00 



2.76f 


15.3 


3- 

6 

9.67 

8.41 



1.26t 

850 

15.4 


Burned 20 per cent 


4 

• 4 

26.27^1 

discard edt 




1,799 

15.9 


5 

3 

21.40 Ti 

19.21 



1.49t 

1,439 

16.2 


1 

6 

8.90 

6.79 

.86 

7.65 


750 

13.7 


2 

3 

8.90 

7.41 

.23 

7.64 


750 

13.7 

12 

3 

5 

25.70* * * § ** 

discard edj 







4 

4 

8.90 

8.61 

.89 

9.50 

-0.60 

750 



5 

5 

8.90 

7.50 

.79 

8.29 

0.61 

750 



6 

5 

8.90 

7.77 

.65 

8.42 

0.48 

750 



7 

4 

8.90 

7.54 

.65§ 

8.19 

0.71 

750 



8 

5 

8.90 

7.03 

.42 

7.45 

1.45 

750 



9 

4 

8.87 

7.07 

.47 

7.54 

1.33 

750 



Burned 20 per cent 



5 

25.70tt 



21.5611 

4.14 

925 

15.5 



5 

25.70tt 



27.14!| 

-1.44 

925 

13.8 



2 

13.27 

sample lost 




1,535 

14.0 



5 

8.87 

9.17 

.74 

9.91 

-1.04 

925 

12.7 


14 

5 

21.28 

14.01 

2.11 

16.12 

5.16 

1,818 

14.2 


15 

6 

14.47 

11.78 

.85 

12.63 

1.84 

1,041 

14.4 


1 

4 

8.90 

7.14 

.61 

7.75 

1.15 


13.8 


2 

5 

8.90 

6.78 

.35 

7.13 

1.77 


13.7 

13 

3 

5 

25.70** 



20.4311 

5.27 


15.0 


4 

4 

8.90 

9.99 

.61 

10.60 

-1.70 


14.4 


5 

5 

8.90 

8.88 

.37 

9.25 

-0.35 

750 

14.3 


6 

5 

8.90 

7.56 

.58 

8.14 

0.76 

750 

14.5 


7 

4 

8.90 

7.49 

.50 

7.99 

0.91 

750 

14.2 


8 

5 

8.89 

7.30 

.41 

7.71 

1.18 

750 

14.2 


9 

4 

8.87 

6.93 

.32 

7.25 

1.62 

750 

14.3 


Burned 20 per cent 


10 

5 

25.70tt 



22.191! 

3.51 

925 

mm 


11 

5 

25.70tt 



28.2l|| 

-2.51 

925 



12 


1.84 

5.93 

.46 

6.39 

—4.55 

156 



13 


7.10 

7.59 

.48 

8.07 

-0.97 

605 



14 


8.81 

5.11 

.47 

5.58 

3.23 

750 

■■ 


* Weight at end of period, 

t Inteke minus urinary nitrogen output. 

t Discarded because urine contaminated with vomitus and feces. 

§ Average fecal nitrogen output. 

M Includes urine, vomitus, and fecal nitrogen. 

d 300 grams Nutramigcn and 200 grams Amigen in 550 ml. of water Isl dav; then reduced to 200 grams Xutramigcn, 
loj grams Amigcn in 360 ml. of water. 

** 240 grams Nu^migen and 160 grams .Amigen in 440 ml. of water. 

■water .Amigen, 100 grams .Aminoids, 16 grams yeast, 5.4 grams salt and 1.5 grams cod liver oil in 300 ml. of 


ing this time. However, tlie animal rapidl)' grew 
worse and was sacrificed on the 12th dav. 

Since the response to the early high food intake 
in these 2 animals was iinsatisfactorv-, it seemed de- 


sirable to study the effect of such a regime on 2 
nonnal animals (Nos. 12 and 13). It was found 
that this high intake (at least in tlic form given) 
tvas also poorly tolerated by the norma! dog. al- 
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TABLE H 


The effect of daily injections of 25 mgm. testosterone 
propionate on the nitrogen balance following 
experimental burns 


Dog 

Period 

No. of 
days 
in 

period 

Ave. N 
intake 
per 
day 

Ave. nitrogen output 
per day 

Ave. N 
balance 

Body 

wt.* 

Total 

urinary 

N 

Fecal 

N 

Total 

N 

14 

1 

5 

8.37 

6.05 

.66 

6.71 

1.66 

14.3 


2 

5 

8.37 

7.17 

.57 

7.74 

0.67 

13.8 


3 

5 

8.41 

6.75 

.63 

7.38 

1.03 

13,7 


Burned 20 per cent 


4 

5 

8.45t 

9.50 

.55 

10.05 

-1.55 

13.8 


5 

6 

8.591 

9.70 

.60 

10.30 

-1.71 

12.8 


6 

4 

5.571 

8.21 

.601 

8.81 

-3.24 

— 

15 

1 

5 

10.71 

8.46 

.74 

9.20 

1.51 

16.4 


2 

5 

10.77 

9.46 

1.01 

10.47 

0.30 

16.8 


3 

5 

10.77 

9.74 

0.74 

10.48 

0.29 

16.9 


Burned 20 per cent 


4 

5 

10.821 

12.17 

0.66 

12.83 

-2.02 

16.9 


5 

6 

11.001 

11,22 

0.64 

11.86 

-0.86 

16.7 


6 

4 

11.001 

9.63 

1,00 

10.63 

0.37 

16.2 


7 

5 

10.43 

9.57 

0.37 

9.94 

0.49 

15.5 


8 

5 

10.43 

7.94 

1.00 

8.94 

1.49 

15.0 


9 

5 

10.53 

7.92 

0.78 

8.70 

1.83 

15.2 


10 

7 

10.56 

7.59 

0.62 

8.21 

2.35 

15.0 


11 

7 

10.581 

7.43 

0.78 

8.21 

2.36 

15.8 


* Weight at end of period, 
t Average fecal nitrogen output. 

j 25 nagm. testosterone propionate intramuscular daily. 


though the symptoms were not so severe as those 
exhibited by the burned animals. The total nitro- 
gen output (urine, feces, and vomitus) was ana- 
lyzed for dog No. 13 for the 5-day period and in 
spite of loss through vomiting, the positive nitro- 
gen balance (period 3) was markedly increased 
over the control periods. A gain in weight oc- 
curred, which was thought to be partly due to 
water retention. After allowing several weeks 
for these animals to return to normal, they were 
burned and then force-fed a diet containing 3 
times the nitrogen content of the control diet, but 
with little change in caloric content. Clinically 
the animals seemed better than the first 2 dogs 
(Nos. 10 and 11) but their course was far from 
satisfactory. The total nitrogen output in these 
dogs was analyzed during two 5-day periods of 
force-feeding. Both animals were in marked posi- 
tive nitrogen balance during the first 5 daj's follow- 
ing the burn, but in negative balance the second 5 


days. Following the 10 days of force-feeding, 
the animals were given the regular diet ad libitum. 
Dog No. 12 consumed large amounts of food, and 
nitrogen retention was fairly marked. A gain in 
weight without evidence of edema also occurred. 
The other animal ate poorly and did not regain his 
control weight. 

The results on the 2 testostcronc-trcatcd dogs 
(Nos. 14 and 15) are shown in Table II. Dog 
No. 14 showed a slight skin disorder during the 
control period which did not seem significant. 
However, 10 days following the burn, it became 
worse and there was every indication that the re- 
sults obtained during the last 5 to 7 days were com- 
plicated by this factor. The dog started to refuse 
food during the sixth period and the experiment 
was discontinued on the fifteenth day post burn. 

The otlier animal (No. 15) showed only a slight 
loss of nitrogen after the fifth day and was in pos- 
itive balance after the tenth day. This was an im- 
provement over the 4 control dogs which were in 
negative balance for 15 days following the burn. 

The nitrogen balance studies on the methionine- 
treated dogs (Nos. 16 and 17) are shown in Table 
III. The animals refused the food with the me- 
thionine supplement; so it was given by stomach 


TABLE III 

The effect of methionine supplement on the nitrogen deficit 
following experimental burns 


Dog 

1 

Period 

1 

No. of 
days 
in 

period 

Ave. N 
intake 
per 
day 

Total 

urinary 

N 

Ave. N 
balance* 

Body 

wt.t 


1 

1 ! 

4 

13.70 

9.80 

3.90 

20.2 

16 

2 

5 1 

13.92 

10.42 

3.21 : 

20.6 


3 

7 

13.92 

11.63 

2.00 

20.3 


Burned 20 per cent 


1 

4 

5 

i4.23t ; 

16.33 

- 2.19 

20.0 


5 

2 I 

0 i 

15.45 

-15.45; 

— 


1 

4 

14.27 

11.78 

2.491 

21.8 

17 

2 

5 

14.50 

11.40 

3.10 

21.8 


3 

1 

7 

14.50 

11.07 

1 3.43 

22.0 

1 

Burned 20 per cent 

i 

1 

4 

5 

14.83t 

17.65 

1 

! -2.95 

' 21.8 


5 

4 

2.50 

10.82 

-8.32 

20.0 


* Intake minus urinary N output, 
t Weight at end of period. 

j Supplemented with 1.5 per cent methionine dailj' (dog 
16, 3.60 grams; dog 17, 3,75 grams). 
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tube. One of the animals (No. 16) started to 
vomit on the third day and the course of both ani- 
mals was poor. Since the supplement in no way 
seemed to improve tlie condition over the untreated 
animals, the methionine was discontinued after 
the fifth day and the regular diet resumed. Dog 
No. 16 refused all food and died on the seventh 
day post bum. The other animal died on the tenth 
day. 

DISCUSSION 

No conclusions can be drawn concerning the ni- 
trogen balance studies in the first 2 force-fed dogs 
(Nos, 10 and 11) which were given the high pro- 
tein and high caloric diet, but from the 1 collection 
period for dog No. 11, it would appear that the 
nitrogen loss was reduced. The nitrogen balance 
of the other force-fed dogs (Nos. 12 and 13), 
which were given triple the nitrogen intake but 
almost the same caloric intake, was negative dur- 
ing the second 5-day period in spite of the high ni- 
trogen intake. The course of the animals was cer- 
tainly in no way improved by the positive balance 
during the first 5 days. Cuthbertson (9) noted in 
his work on fracture patients that high caloric and 
protein diets (as much as 231 grams protein and 
4,100 calories) failed to eliminate the negative ni- 
trogen balance during the height of the catabolic 
phase. He first observed a period of retention, 
then a period of loss which was followed later by 
a period of retention. This pattern is similar to 
that noted in our animals. Howard, Winteraitz, 
Parson, Bigham and Eisenberg (10) found that 
fracture patients on a low protein, low caloric diet 
lost no more nitrogen than those on a higher ni- 
trogen and caloric intake. However, their high 
diets contained only 15 grams of nitrogen and 24 
calories per 1,73 sq. m. area and therefore can- 
not be considered similar to those of Cutlibertson 

( 9 ). 

No attempt was made to force-feed animals with 
large amounts of their regular diet. It seemed 
of particular interest to use amino acid prepara- 
tions since tlieir use has been advocated for increas- 
ing the protein intake. It is quite possible that 
large amounts of native protein may be somewhat 
better tolerated than the hydrolysates or that the 
amino acid mixtures if started after the shock 
phase had subsided and gradually increased might 
have been beneficial. Free and Leonards (11) 


found that when large equivalent amounts of ni- 
trogen were taken in the form of meat, blood, and 
amino acids, the latter form caused gastrointestinal 
upsets in both subjects. While the form of nitro- 
gen and the fact that it was given in such large 
amounts may have aggravated the diarrhea and 
vomiting noted in our animals, the gastrointestinal 
upset was not the only undesirable effect noted in 
these experiments. 

Plasma protein, albumin, and plasma volume 
alterations were followed in these animals and will 
be discussed in another report. Howev'er, it can 
be stated here that the volume changes were more 
marked and no doubt contributed to the imdesir- 
able effects of force-feeding. Since it has been 
shown (12) that increased intakes of nitrogen 
are accompanied by an increased intake of water, 
the imbalance following a bum was, no doubt, ac- 
centuated by feeding large amounts of protein. 
That the force-feeding in itself has an effect on 
water metabolism is indicated by the studies on the 
2 normal animals. During the 5-day period of 
force-feeding (period 3) previous to the burn, dog 
No. 13 consumed more than 4 times the amount 
of water than that drunk on the regular diet and 
the apparent water retention (intake minus urine 
output) was doubled over the control periods. 
Following the bum, all the force-fed animals 
showed a marked edema and several had general- 
ized muscular twitchings which had been noted by- 
other workers (13, 14) in cases of “water intoxi- 
cation.” 

Once the anabolic phase begins (from 15 to 20 
days post bum in our animals) large amounts of 
food can be taken to advantage. During period 
14, dog No. 12 voluntarily- consumed 21 grams of 
nitrogen and retained 5 grams per day with a gain 
in weight of 1.5 kgm. Another animal (not shown 
in the table) was also given food ad Ubilnm from 
the nineteenth to twenty-fifth day post burn and 
consumed an average of 33 grams of nitrogen per 
day with a urinary nitrogen output of 26 grams, 
and during this time gained 2.3 kgm. Neither of 
these dogs showed edema or tlie other undesirable 
effects seen in the early force-fed dogs. 

Since testosterone propionate has !>ceu siio-.-.-n 
to increase nitrogen retention (15), there has been 
an interest in the use of this hormone to decrease 
the loss of nitrogen following injury. Its -use lias 
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been reported by Howard (16) in a fracture pa- 
tient in whom it seemed to have some effect in re- 
ducing the nitrogen loss. Testosterone propionate 
was therefore administered to 2 female dogs fol- 
lowing a standardized burn. It is difficult to draw 
conclusions from this work, since only 2 animals 
were studied, and the results on the one animal 
were complicated by the skin disorder previously 
described. Because of comparable results obtained 
with testosterone propionate in patients (17), it 
seems that the improvement in the nitrogen balance 
noted in dog No. 15 might be of some significance.- 
The use and cautions to be exercised in employing 
testosterone propionate have been brought out in 
another report (17). 

Croft and Peters ( 18) reported that the addition 
of methionine reduced the nitrogen loss following 
burns in rats. They presented the hypothesis that 
there is a need for methionine following injury and 
that to cover this requirement, tissue is broken 
down resulting in a large loss of nitrogen. The 
methionine supplement administered to the 2 dogs 
in the present experiment was without effect on 
the nitrogen balance. While no conclusions can 
be drawn from this small group, the results are in 
keeping with the negative findings in a patient 
treated with this amino acid and with the report 
of Schenker (19) and Chanutin and Ludewig (20) 
who noted no improvement in the nitrogen balance 
with the administration of methionine. 

Howard and his associates (10) have pointed 
out that the nitrogen loss following injury does not 
occur in malnourished patients and apparently 
feel that the nitrogen catabolism in healthy injured 
subjects may be a desirable reaction. There seems 
to be some question, therefore, whether it is ad- 
vantageous to attempt to prevent or alleviate the 
nitrogen loss during the catabolic phase. Cuth- 
bertson, Shaw and Young (21) reported that a 
crude anterior pituitary extract prevented weight 
loss and reduced the nitrogen loss in injured rats, 
but did not increase the rate of restoration of the 
muscles which atrophied as the result of injury. 

These observations force one to question the ad- 
visability of attempting to prevent the loss of nitro- 
gen by force-feeding during the first week or 2 fol- 
lowing a burn or other severe trauma. It is ob- 
vious, however, that if a negative nitrogen balance 
persists for more than 2 or 3 weeks the patient 


will .suffer from a serious protein depletion. It is 
important, therefore, to institute adequate feed- 
ings as soon as the patient can tolerate them. It 
is our impression (17) and tliat of others (22) that 
during the first 2 days the caloric and protein in- 
take should not be forced. In several very severely 
burned adult patients we have recently given be- 
tween 800 and 1,200 calories (mostly carbohy- 
drate) during the first 2 days following the bum. 
The caloric and protein intake was then increased 
to 1.6 times the patients’ basal caloric requirement 
and subsequently gradually increased to an intake 
of 200 grams protein and about 3,000 calories. 
These patients exhibited a minimum nitrogen loss 
and seemingly have been in as good a condition 
as can be expected. 

SUMMARY 

Four groups of 2 female dogs were fed a stand- 
ardized diet and, after a burn, given the following 
treatment ; 

1. Force-fed a diet containing triple the pro- 
tein (in the form of amino acids) and twice the 
caloric intake received during the control periods. 

2. Force-fed a diet containing triple the protein, 
but little change in caloric intake. 

3. The regular diet and injections of 25 mgm. 
testosterone propionate daily. 

4. The regular diet plus 1.5 per cent methionine. 

The results indicate that force-feeding improved 
the nitrogen balance, but the treatment was poorly 
tolerated. 

There is some indication that testosterone propi- 
onate reduces the nitrogen loss following a burn. 
Methionine seemed to have no beneficial effect on 
the nitrogen deficit which occurs after a burn. 
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Choledochostomy drainage of bile by means of 
a T-tube frequently is established following surg- 
ery of the biliary tract, and often such drainage 
is maintained for periods ranging from several 
weeks to several months. During tliis time only 
small amounts of bile, usually quite deficient in bile 
salts (1, 2), enter the intestine. Replacement by 
oral administration of bile is indicated. A method 
for large-scale preparation of desiccated bile has 
been reported, and average analyses of desiccated 
gallbladder bile of the hog have been presented 
(3). Such preparations of desiccated bile are be- 
ing used with success in replacement therapy (4) 
and for symptomatic treatment of patients with 
gastrointestinal disorders associated with biliary 
insufficiency (5). 

Bile acids of man, the ox, and the hog consist 
of a steroid nucleus possessing a carboxyl group 
which usually is conjugated through amide link- 
age with glycine or taurine. In bile of man and the 
ox approximately 50 to 75 per cent of the total 
quantity of the bile acids® is conjugated with 
glycine and the major portion of the remainder 
with taurine (6). However, this proportion is 
somewhat variable, and often a considerable frac- 
tion of the bile acids is in the “free” or uncon- 
jugated form (7). By contrast, the bile acids of 
hog bile are conjugated solely with glycine46,.8). 
The bile acids of these 3 animals differ also in the 
nature of the steroid nuclei and in the relative pro- 
portions of these bile acids present in the bile. The 
principal bile acid (steroid nucleus) of hog bile is 
a-hyodesoxycholic acid (3,6-dihydroxycholanic 
acid) (8). The principal bile acid in bile of man 

r Aided by a grant from Parke, Davis and Company. 

- It is customary to refer to the bile “acids” in bile al- 
though it is understood that at the pH of bile these acids 
are almost completely ionized as anions which are 
matched by sodium, potassium, and calcium cations. 


and the ox is cholic acid (3,7,12-trihydroxycholanic 
acid), but important amounts of desoxycholic acid 
(3,12-dihydroxycholanic acid) and chenodesoxy- 
cholic acid (3,7-dihydrox3Tholanic acid) also are 
present (9, 10). Hyodesoxycholic acid has not 
been found in bile of man and the ox, and cholic 
acid is absent from the bile of the hog. 

In view of the qualitative and quantitative differ- 
ences in the bile acid composition of bile of various 
animals, it is important to have information con- 
cerning the utilization of various bile acids as a 
guide to adequate replacement therapy in human 
patients with biliary insufficiency. In preHous 
communications (11, 12) we have reported ex- 
periments which have demonstrated very efficient 
enterohepatic circulation of foreign bile acids in 
animals with experimental biliary fistulae. The 
present paper is a description of studies on the ad- 
ministration o f desic cated bile of the hog and the 
ox to human patients iwth clioreddch^stomy drain- 
age. 

EXPERIMENTAL 

Cholic acid and total dihydroxycholanic acids ® were 
determined by methods which we have described pre- 
viously (12, 13). The method for determining “cholic 
acid” yields the sum of free cholic acid, glycocholic, and 
taurocholic acids. Desoxycholic acid was determined 
by an adaptation of the procedure of Kaziro and Shimada 
(14). The reaction with benzaldehyde was conducted 
in 23 N sulfuric acid instead of the more concentrated 
acid specified by Kaziro and Shimada, thus minimizing 
interference by chenodesoxycholic acid. In order to at- 
tain greater specificity and eliminate interfering sub- 
stances, the reaction was applied to the dihydroxycholanic 
acid fraction which was separated from cholic acid and 
from the monohydroxycholanic acid fraction by the pro- 

® The dihydroxycholanic acids which have been isolated 
(9, 21) from bile of man are desoxycholic acid and chen- 
odesoxycholic acid. Hyodesoxycholic acid of hog bile 
also is a dihydroxycholanic acid (8, 15). Our method 
for the determination of “total dihydroxycholanic acids” 
(12) yields the sum of these 3 acids. 
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cedure which we have described previously (12). Optical 
density measurements were made with a filter photo- 
meter at a mean wavelength of 620 m/i. 

For the determination of hyodesoxycholic acid a sam- 
ple of bile estimated to contain 25 to 75 mgm. of this acid 
was extracted and hydrolysed, and the dihydroxycholanic 
acid fraction was separated by the method previously de- 
scribed (12). The dihydroxycholanic acids, including 
hyodesoxycholic acids, were oxidized by chromic acid 
to diketocholanic acids as described previously (12), a 
proportionately larger amount of chromic acid being re- 
quired because of the larger sample. The diketocholanic 
acid fraction was dissolved in glacial acetic acid, and the 
optical rotation (D line of sodium) was determined in a 
polarimeter equipped with a micro tube of 1 decimeter 
length requiring 1 ml. of solution. Then hydrochloric 
acid was added to the solution to a concentration of 0.5 
per cent by volume, and the solution was boiled for 1 
hour under reflux. During this process, the 3,6-diketo- 
cholanic acid (resulting from the oxidation of hyodesoxy- 
cholic acid) underwent rearrangement to 3,6-diketoallocho- 
lanic acid. The solution was evaporated to dryness in 
vacuo; then the residue was dissolved again in glacial 
acetic acid and brought to a volume equal to that used in 
the initial polarimetric measurement. The optical rota-^^ 
tion of this. solution was determined, and the initial quan-;^ 
/ tity of hyodesoxycholic acid in the sample was calculated> 
v^from the change in optical rotation which accompanied^ 
/ the rearrangement of 3,6-diketocholanic acid to 3,6-diketo-;-’' 
) allocholanic acid. This method is specific for hyodesoxy-^ 
p cholic acid inasmuch as the other diketocholanic acids 
- (resulting from the oxidation of the other dihydroxy- 
cholanic acids) do not undergo such rearrangement. 
Calculations were based upon determinations with stand- 
ard amounts of hyodesoxycholic acid which were carried 
through the same procedure, the “unknown” being re- 
ferred to polarimetric values which were obtained with 
standards of nearly the same concentration. This method 
utilizes principles which were described in the studies of 
Windaus ct al upon the constitution of hyodesoxycholic 
acid (8, 15). Following the polarimetric measurements, 
a portion of the diketocholanic acid fraction was used for 
determination of the total diketocholanic acids from which 
the total dihydroxycholanic acids originally present in 
the sample could be calculated. 

Total bile acids were calculated as the sum of cholic 
acid and the total dihydroxycholanic acids. This cal- 
culation of the “total bile acids” left unaccounted the 
traces of monohydroxycholanic acids and keto bile acids 
which have been found in bile. 

Total conjugated bile acids and tauro-conjugated acids 
were determined essentially by the method of Schmidt 
and Dart (16). Glyco-conjugated acids were calculated 
by difference between the total conjugated and the 
tauro-conjugated acids. 

The patients studied in tliis report were all treated for 
obstruction of the common duct.* Patients C. D., A. M., 
and C. M. had institution of drainage of their common 

* See Case Histories. 


duct by means of a T-tube. Patient F. W. was in ex- 
ceedinglj' poor shape when operated upon ; the gall- 
bladder was removed and drainage instituted by a large 
tube placed in the dilated cystic duct. Bile was allowed 
to flow unimpeded into a sterile bottle with a vent as de- 
scribed by Richey (17), the bottle being placed a few in- 
ches below the level of the patient The few inches which 
the bile flowed by gravity through a large tube was not 
considered sufficient to obstruct the flow by causing col- 
lapse of the tube. 

The collection of bile in these cases could not be con- 
sidered as complete. However, since there was no im- 
pediment offered to the outflow of bile, it is to be pre- 
sumed that very little bile found its way into the duodenum 
and that most of it was collected. That this assumption 
is valid has been corroborated by the fact that hyodesoxy- 
cholic acid, a bile acid not found in significant quantities 
in man, was recovered almost quantitatively through the 
drainage tube after administration to the patient by 
mouth. It was not possible to control each study, and 
the possibility of partial recoveries introduces the prob- 
ability of error. Those errors which are due to incom- 
plete recoveries would tend to give lower values than 
actually found. Accordingly, in considering the data 
presented on recoveries of bile acid, it must be recog- 
nized that there is a possibility that they may be some- 
what low rather than high. 

DISCUSSION OF RESULTS 

The excretion of various bile acids in the 
choledochostomy drainage bile of these cases can 
be discussed more clearly by dividing the presenta- 
tion into a section on the excretion in the absence 
of orally administered animal bile and a section 
on the excretion during administration of bile. 
Eleven cases were studied, but this report is con- 
fined to a discussion of 5 cases which were investi- 
gated in greatest detail and which illustrate the 
principal observ^ations and conclusions which were 
derived from the entire series. 

(1) Excretion of bile acids in the absence of 
orally administered animal bile: Following cholecy- 
stectomy and establishment of choledochostomy 
drainage of bile, a post-operative period of 10 to 20 
daj’s usuall)’ elapses before resumption of synthesis 
of bile acids by patients whose biliary tracts have 
been obstructed for a long period of time. Such 
delay in the resumption of the synthesis of cholic 
acid was noted prewously by Ravdin et al ( 1 ) , and 
a similar delay in sjmthesis of “bile acids" was ob- 
sei-\'ed in some of the more severely obstructed 
cases of Greene ct cl (18, 19) by application of 
an anah-tical method of somewhat questionable 
specificit}-. In the cases studied in the present in- 
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vestigation all of the various bile acids were en- 
tirely or nearly lacking from the bile excreted, dur- 
ing the first few days following the operation. 
However, the excretion of desoxycholic acid and 
the total dihydroxycholanic acid fraction (which 
includes desoxycholic acid) was resumed some- 
what earlier than the excretion of cholic acid. By 
means of other analytical methods, Breusch and 
Johnston (20) obtained evidence for a similar 
effect. The more rapid appearance of the dihy- 
droxycholanic acids was particularly striking in the 
case of A. M. (Table IV), but was less marked 
in the cases of C. D. and C. M. (Tables I and VI). 
In all cases in which both the total dihydroxy- 
cholanic acid fraction and desoxycholic acid, a 
specific member of that fraction, were determined, 
the quantity of total dihydroxycholanic acids ex- 
ceeded the amount of desoxycholic acid. This is 
evidence for the presence of one or more additional 
members of the dihydroxycholanic acid series. 
Inasmuch as Wieland et al (9, 21) have isolated 
chenodesoxycholic acid,® a dihydroxycholanic acid, 
from gallbladder bile collected from cadavers, it 
is likely that the differences between our figures 
for total dihydroxycholanic acids and the corre- 
sponding figures for desoxycholic acid are a meas- 
ure of the amounts of chenodesoxycholic acid 
present. However, as mentioned below, in order 
to obtain values for chenodesoxycholic acid in 
those cases in which hog bile was administered to 
the patients it would be necessary also to sub- 
tract the figure for hyodesoxycholic acid since this 
bile acid is included in the dihydroxycholanic acid 
fraction. The traces of “hyodesoxycholic acid” 
recorded in Table IV for periods in which hog 
bile was not administered to this patient corre- 
spond to “blank” values obtained with the polari- 
metric method for the determination of this bile 
acid and probably do not represent the presence 
of true hyodesoxycholic acid in these samples. 

5 Wieland isolated this bile acid from the bile of man 
in 1924, and he gave it the name, anthropodesoxycholic 
acid. Windaus in the same year announced the isolation 
of the identical compound from the bile of the goose and 
named it chenodesoxycholic acid. No general agreement 
regarding the name appears to have been reached, but 
the name proposed by Windaus seems to be favored since 
the prefix, chcno, was used first by Heintz and Wislicenus 
in connection with an imperfectly characterized acid which 
they isolated from bile of the goose in 1859. 


Average figures for these “blanks” were used in 
correcting all values obtained for hyodesoxycholic 
acid by this method. 

The biliary excretion after approximately the 
twentieth day following the operation probably 
represents an approach to normal hepatic bile, at 
least in a few of the cases in which there appeared 
to be minimal liver damage from obstruction and 
cholangitis. The extent of such damage is diffi- 
cult to assess, but, of the cases studied in greatest 
detail, it would appear that C. D. (Tables I and 
II) most nearly attained a normal state of biliary 

TABLE r 

Excretion of various bile acids in the choledochostomy drainage 
bile of patient C. D., and the effect of oral admin- 
is(ra(ion of desiccated hog bile 





Concentration of bile acids 

in 


Hyodesoxy- 

Aver- 


drainage bile 



cholic 

age 

volume 






Days 




Total 


post- 

content of 

of bile 



Hyo- 

desoxy- 

cholic 

acid 


opera- 

tive 

hog bile 
adminis- 
tered 

excreted 

per 

day 

Cholic 

acid 

Desoxy- 

cholic 

acid 

dihy- 

droxy- 

cho- 

lanic 

Total 

biie 

acids 







acid 



millimoiei 
per day 

ml. 


millimoles per liter 


2 

0 

425 

0 

0 


0 

0 

3-4 

0 

370 

0 

trace 


trace 

trace 

5-6 

0 

460 

0 

0.10 


0.10 

0.10 

7-8 

0 

540 

trace 

0.15 


0.20 

0.20 

9-10 

0 

380 

0.3 

0.20 


0.32 

0.62 

11 

0 

510 

0.6 

0.40 


0.63 

1.23 

12 

0 

580 

1.2 

0.46 


0.82 

2.02 

13 

0 

540 

2.9 

0.70 


1.2 

4.1 

14 

0 

530 

4.1 

0.95 


1.7 1 

5.8 

15 

0 

610 

5.8 

1.6 


2.4 

8.2 

16 i 

0 

505 

6.9 

2.1 


3.6 

10.5 

17 

0 

605 

8.3 

3.0 


5.2 

13.5 

18 

0 

550 

9.4 

3.0 


5.4 

14.8 

19 

0 

560 

9.8 

3.4 

1 

5.7 

15.5 

20 

0 

590 

9.2 

3.1 


5.4 

14.6 

21 

0 

600 

10.0 

3.2 


5.8 

15.8 

22 

2.8 

1 985 

10.2 

3.0 

2.5 

8.1 

18.3 

23 

2.8 

! 1,010 

9.7 

3.3 

2.4 

7.7 

17.4 

24 

0 

790 

12.2 

3.9 


6.5 

18.7 

25 

0 

685 

14.3 

4.6 


8.3 

22.6 


excretion. Even in this case it is doubtful whether 
the maximum concentration of the bile acids had 
been attained at the termination of the period of 
drainage inasmuch as the concentrations were 
continuing to increase at that time. However, the 
relative proportions of the various bile acids were 
rather constant after the twentieth day. The aver- 
age proportion of cholic acid to desoxycholic acid 
to chenodesoxycholic acid for days 20, 21, 24, and 
25 was 3 : 0.98 ; 0.74. Days 22 and 23 were omit- 
ted from the calculation because hog bile was ad- 
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TABLE II 


The excrelion of conjtigaled. bile acids in the choledochostomy 
drainage bile of patient C. D., and the effect of oral 
administfation of desiccated hog bile 


Days 

post- 

opera- 

tive 

Hyodesoxy- 

cholic 

acid 

content of 
hog bile 
adminis- 
tered 

Concentration of bile adds in drainage bile 

Total 

bile 

adds 

Total 

conjugated 

bile 

adds 

Tauro- 

conjugated 

bile 

adds 

Glyco- 

conjugated 

bile 

adds 


millimoles 
Per day 


millimoles per lifer 


2 

0 

0 

0 



3-4 

0 

trace 

trace 



5-6 

0 

0.10 

0.06 

0.02 

0.04 

7-8 

0 

0.20 

0.13 

0.05 

0.08 

9-10 

0 

0.62 

0.45 

0.18 

0.27 

11 

0 

1.23 

0.92 

0.38 

0.54 

12 

0 

2.02 

1.55 

0.61 

0.94 

13 

0 

4.1 

3.3 

1.35 

1.95 

14 

0 

5.8 

4.8 

2.1 

2.7 

15 

0 

8.2 

6.4 

2.6 

3.8 

16 

0 

10.5 

8.5 

3.8 

4.7 

17 

0 

13.5 

11.5 

5.2 

6.3 

18 

0 

14.8 

12.7 

5.9 

6.8 

19 

0 

15.5 

13.5 

. 5.8 

7.7 

20 

0 

14.6 

13.0 

5.9 

7.1 

21 

0 

15.8 

13.3 

5.8 

7.5 

22 

2.8 

18.3 

15.9 

5.6 

10.3 

23 

2.8 

17.4 

14.9 

5.2 

9.7 

24 

0 

18.7 

15.1 

6.8 

8.3 

25 

0 

22.6 

19.2 

8.8 

10.4 


ministered on those days. The proportions of 
these 3 bile acids in hepatic bile of this case are in 
good agreement with those obtained by Wieland 
et al (9, 21) by calculation from the isolation- of 
bile acids from pooled samples of gallbladder bile 
obtained from human cadavers. However, the 
absolute concentrations of these bile acids ob- 
viously were smaller in hepatic bile than in gall- 
bladder bile. On the other hand, these data for 
the relative proportions of the bile acids do not 
agree with data reported by Colp and Doubilet 
(22) for the ratios of cholic acid to “desoxycholic 
acid” in gallbladder bile of a series of cases. 
However, these authors stated that the method 
which they used for determination of “desoxycholic 
acid” was not specific for that acid and probably 
included chenodesoxycholic acid, lithocholic acid, 
and possibly other bile acids of unknown nature. 

A considerable fraction of the bile acids ex- 
creted bj- C. D. (Table II) was unconjugated dur- 
ing the first 10 days following the operation, but 
the percentage of the total bile acids in the con- 
jugated form rose to 85 during the latter part of 
the period of drainage. The average ratio of 
sly co-con jugated bile acids to tauro-conjugated 


acids was 1.3: 1 in the bile of C. D. during pe- 
riods when hog bile was not administered. 

In the case of C. ]\I. (Table VI) with appar- 
ently greater liver damage than C. D., recovery of 
the s)'nthesis of bile acids was delayed longer, and 
the bile acid concentrations attained after 40 days 
were approximately % those -which occurred in 
the bile of C. D. after 20 days. • During the first 3' 
weeks following the operation, the bile excreted 
by patient C. M. contained much sediment, and it 
was pale brown in color and possessed an offensive 
odor. Thereafter, there was progressive improve- 
ment in the appearance of the bile, and after ap- 
proximately the thirty-fourth day, the bile was 
fairly clear and of normal appearance. This im- 
provement in the appearance of the bile vras ac- 
companied by a rapid increase in the excretion of 
bile acids. Excretion of desoxycholic acid and 
other dihydroxycholanic acids (presumably cheno- 
desoxycholic acid) b)' C. M. was resumed before 
the excretion of cholic acid. However, on days 
39 and 40 the proportion of cholic acid to desoxy- 
cholic acid to chenodesoxycholic acid was 3:1: 0.7 
which is in good agreement with the proportion 
found in the case of C. D. As late as the four- 
teenth and eighteenth days following the opera- 
tion, 56 and 49 per cent of the total bile acids were 
unconjugated, but the percentage of unconjugated 
acids had decreased to an average of approximately 
11 at the end of the period of drainage (calculated 
from the data for days 39 and 40, during which ox 
bile was not administered). At this time the 
average glyco/tauro ratio was 1.91: 1 (Table VH). 

Patient A. M. (Tables IV and V) was in rather 


TABLE III 

The enlerohepatic circulation of glycohyodesoxycholic acid; 
patient C. D. 


G!ycohyodesor>*- 
choUc add 
content of dried 
hog bile 
administered 

1 

Duration of 
enterohei>aiic 
circulation 

1 

GIycohyodesox>’* 
cholic arid 
content of bile 
occrcted 
at end of 
X>eriod of 
circulation 

Loss of 

glycohyode«ox>'- 
cholic add 
during 
drculation 

mxllirioUs 

kcurs 

mtVirr.oles 

prrerKUiie of 
ir.itisl ernyurj 

2.6 

24 

1.9 

27 

4,75 

24 

2.9 

39 

10.0 

24 

6.3 

37 

2.6 

4S 

I.O 

61.5 


48 

1.4 

70.5 

4.75 i 

96 

1 i 

£9.5 
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TABLE IV 


Excretion of various bile acids in the choledochostoniy drainage 
bile of patient A. M„ and the effect of oral admin- 
istration of desiccated hog bile 





! Concentration of bile acids in 


Hyodesoxy- 


1 

1 

drainage bile 



cholic 

Average 





Days 





acid 

volume 


1 

Total 


post- 

coutent of 

of bile 


Hyo- 
desoxy-1 
cholic I 
acid 


• Opera- 
tive 

hog bile 
adminis- 
tered 

excreted 
per day 

Cholic 

acid 

dihy- 

droxy- 

cho- 

lanic 

Total 

bile 

acids 





1 

acids 



millimoles 
per day 

ml. 

millimoles per liter 

2 

0 

405 

0 

0 

trace 

trace 

3 

0 

450 

0 

0 

0.45 

0.45 

4 1 

0 

510 

0 

0 

0.62 

0.62 

6 

0 

500 

0 

0 

1.45 

1.45 

8 

0 

545 

0 

0.1 

2,85 

2.85 

10 

0 

630 

trace 

0.1 

3.92 

3.92 

11 

0 1 

710 

trace 

0.1 

5.10 

5.1 

12-13 

0 I 

790 

1.47 

0.19 

4.72 

6.2 

14-16 

0 i 

850 

2.94 

0.21 

4.26 

7.2 

17 

0 

730 (?) 

3.69 

0.08 

2.50 

6.2 

18 

0 

810 

5.05 

0.12 

3.82 

8.9 

19 

0 

884 

8.12 

0.13 

4.06 

12.2 

20-22 

7.34 

1,030 

10.8 

5.1 

8.70 

19.5 

23-26 

7.34 

1,120 

10.8 

5.6 

9.14 

19.9 

27-28 

7.34 

1,140 1 

12.7 

5.2 

8.72 

21.4 

29 

0 

920 1 

15.1 

0.22 

5.87 

21.0 

30 

0 

895 j 

16.5 , 

0.20 

7.04 

23.5 


poor condition. Nevertheless, the excretion of 
cholic acid was resumed almost as soon after oper- 
ation as occurred in the case of C. D., and the re- 
covery of the excretion of dih'ydroxycholanic acids 
actually was more rapid than in the case of C. D. 
In fact, it was more rapid than occurred in any of 
the other cases which we investigated. Unfortu- 
nately, analyses for desoxycholic acid were not 
conducted on samples of bile from A. M., there- 
fore the nature of the dihydroxycholanic acids was 
not determined. Again a large fraction of the 
total bile acids was unconjugated during the first 
six days after the operation, but thereafter re- 
covery of the ability to conjugate the bile acids was 
rapid. 

(2) Excretion of bile a-cids in drainage bile fol- 
lowing oral administration of desiccated bile: Fol- 
lowing oral administration of dried gallbladder bile 
of the hog,® excretion of hyodesoxycholic acid, 
the predominant bile acid of hog bile, in the chole- 
dochostomy drainage bile, commenced after 1 to 
2 hours. Thereafter, the excretion rose to a peak 


*’ Preparations q( desiccated gallbladder bile of the hog 
(trade name, Dcsicol) and the ox were supplied by 
Parke, Davis and Company. 


TABLE V 


The excretion of conjugated bile acids in the choledochostomy 
drainage bile of patient A. M., and the effect of oral 
administration of desiccated hog bile 



Ilyodcsoxj’- 

Concentration of bile acids in drainage bile 

Days 

cholic 










post- 

opera- 

tive 

content of 
hog bile 
adminis- 

Total 

bile 

acids 

Total 

conjugated 

bile 

Tauro- 

conjiigatcd 

bite 

Glyco- 

conjugated 

bile 


tcred 

acids 

acids 

acids 


per day 


m an mates per tiler 


2 

0 

trace 

0 



3 

0 

0,45 

trace 



4 

0 

0.62 

0.25 

0.12 

0.13 

6 

0 

1.45 

0.79 

0.31 

0.48 

8 

0 

2.85 

1.95 

0.70 

1.25 

10 

0 

3.92 

3.42 

1.24 

2.18 

11 

0 

5.1 

5.0 

2.10 

2.90 

12-13 

0 

6.2 

6.03 

3.30 

2.73 

14-16 

0 

7.2 

6.98 

3.21 

3.77 

17 

0 

6.2 

6.10 

2.80 

3.30 

18 

0 

8.9 

8.80 

4.23 

4.57 

19 

0 

12,2 

11.8 

5.66 

6.14 

20-22 

7.34 

19.5 

19.6 

7.40 

12.2 

23-26 

7.34 

19.9 

19.8 

7.60 

12.2 

27-28 

7.34 

21.4 

21.2 

8.60 

12.6 

29 

0 

21.0 

20.1 

9.4 

10,7 

30 

0 

23.5 

21.9 

10.3 

11.6 


at about 7 to 10 hours, then gradually declined, the 
total period of excretion comprising 18 to 20 
hours." In Table I (case C. D.) the concentra- 
tion of hyodesoxycholic acid in the bile collected 
during a 24-hour period following administration 
of hog bile is recorded, together with the total vol- 
ume of bile. From these data the total amounts 
of hyodesoxycholic acid excreted were calculated. 
The average excretion of hyodesoxycholic acid by 
this patient was 87.5 per cent of the amount admin- 

" This period of circulation or total “clearance-time" is 
considerably longer than that reported for man by Joseph- 
son (23), but it is comparable with the data for hogs 
(12) and for dogs (24, 25). Josephson calculated the 
clearance-time by observing the time required for biliary 
excretion of the natural cholates to return to the normal 
secretory level from the high level induced by recircula- 
tion of bile or by administration of cholates. Inasmuch 
as the normal rate of excretion of cholates is subject to 
some variation, it would be difficult to determine the total 
clearance-time precisely by that method. On the other 
hand, the time required for attainment of the peak of 
clearance of hyodesoxycholate in our experiments was 
comparable with the total clearance-time reported by 
Josephson. It is probable that enterohepatic circulation 
may have been somewhat delayed in the patients of our 
series as compared with the relatively normal subjects 
studied by Josephson. In addition, the circulation of 
hyodesoxycholate may require a longer time than the 
circulation of the natural cholates. 
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istered. In the case of A. M. (Table IV), hog 
bile was administered daily, as recorded in column 
2. from the twentieth to the twenty-eighth day. 
The drainage bile was pooled for the inteiY'als 
shown in column 1, and the average daily volume 
and average daily excretion were calculated. The 
average excretion of hyodesoxycholic acid by this 
patient was 78.5 per cent of the amount adminis- 
tered. In Tables II and V it can be seen that in 
the 24-hour period following administration of 
hog bile there was an increase in the ratio of glyco- 
conjugated acids to tauro-conjugated. Inasmuch 
as hyodesoxycholic acid of hog bile is conjugated 
solely with glycine, this increase in the glyco/ 
tauro ratio of the drainage bile, together with the 
e.xcretion of hyodesox 3 'cholic acid, suggests 
strongly that glycohyodesoxj-cholic acid was ab- 
sorbed from the intestine and excreted unchanged 
in the drainage bile. The efficiency of utilization 
of this foreign bile acid by these patients appears 
to be somewhat less than the efficiency with which 
glycocholic acid was handled by hogs with biliary 
fistulae (12). However, it is doubtful whether 
the bile collected by drainage through a T-tube 
represents die entire biliary secretion even under 
carefully supervised conditions. 

TABLE VI 

Excretion of various bile acids in Ike choledochostomy drainage 
bile of patient C. M., and the effect of oral admin- 
istration of desiccated ox bile 





Concentration of bile acids in 





drainace bile 


Days 

Cholic 

Volume 





acid 





post- 

content of 

of bile 





opera- 

ox bile 

excreted 




Total 

bile 

live 

adminis- 

per day 

Cholic 

oxy- 

droxj'- 


tered 


add 

cholic 

cho- 





add 

lanic 

adds 



milUmoUs 
Per day 

ml. 

millimoUs per liter 

2 

0 

615 

0 1 


0.12 

0.12 

10 

0 

705 

Him 


0.19 

0.19 

14 

0 

640 

trace 

0.32 

0.55 

0.55 

IS 

0 

620 

0.1 

0.37 

0.69 

0.79 

19 

1.2 

990 


0.48 

0.81 

1.71 

21 

1.2 

960 1 

1.2 

0.51 

0.85 

2.05 

22 

1.2 

1,005 

1.4 1 

0.39 


2.20 

24 ' 

1.2 

1,100 

1.3 

0.56 

0.92 

2.22 

25 

1.2 

910 

1.8 

0.49 

EESl 

2.70 

26 

1.2 

940 

2.4 

0.65 

1.10 

3.50 

2S 

1.2 

915 

3.1 

0.78 

1.35 

4.45 

30 

1.2 

S98 

4.3 

1.12 

2.04 

6.34 

32 

1.2 

930 

5.2 

1.43 

2.58 

7.78 

34 

1.2 

905 

5.9 

1.74 

3.11 

9.01 

36 

1.2 

900 

6.3 

1.82 

3.23 

9.53 

38 

1.2 

895 

6.6 

1.81 

3.10 

9.70 

39 

0 

905 

5.7 

1.91 

3.29 

8.99 

40 

0 

890 

5.9 


3.36 

9.26 


It was of considerable interest to study the en- 
terohepatic circulation of bile acids in these pa- 
tients. The hyodesoxycholic acid of hog bile pro- 
vided a “tracer” for study of such circulation since 
this bile acid is foreign to the normal biliary se- 
cretion of man. These studies were conducted as 
described in our paper on enterohepatic circulation 
in hogs (12). Following oral administration of 
hog bile containing the quantitv' of gl 3 -cohyodesoxy- 
cholic acid recorded in column 1 of Table III, the 
external choledochostomy drainage tube was 
clamped shut in order to direct the flow of bile 
into the intestine. Following the period of cir- 
culation recorded in column 2, the clamp was re- 
moved and the bile was collected for a 20-hour 
period for determination of the amount of hy- 
odesoxycholic acid remaining at that time (column 
3). The percentage loss of glycohyodesox 3 ’cholic 
acid is recorded in column 4. Even after 4 days, 
some of the h 3 'odesoxycholic acid remained in the 
circuit. Again the efficienc 3 ' of circulation was 
somewhat less than that of the hog, but, neverthe- 
less, such circulation provides an important mech- 
anism for the conservation of bile acids. 

Inasmuch as the bile acid composition of o.x bile 
is very’ similar to that of man, it was more difficult 
to assess quantitatively’ the effect of administration 
of ox bile to these patients. However, it is appar- 

TABLE vn 

The excretion of conjugated bile acids in the choledochostomy 
drainage bile of patient C. and the effal of oral 
administration of desiccated ox bile 


Days 

post- 

opera- 

ti\*c 

Cholic 

add 

content of 
ox bile 
adminis- 
tered 

Concentration of bUe acids in drainage bile 

Total 

bile 

adds 

Total 

conjugated 
bile adds 

Tauro- 
conjugated 
bile adds 

Glyco- 
conjugaled 
bile adds 


miUimoUs 
per day 


millimoUs per liter 


2 


0.12 

trace 



10 


0.19 

trace 



14 


0.55 

0.24 

0.19 

0.05 

IS 


0.79 

0.40 

0.20 

0.20 

19 

1.2 

1.71 

1.27 

0.55 

0.72 

21 

1.2 

2.05 

1.56 

0.66 

0.90 

22 

1.2 

2.20 

1.89 

0.72 

1.17 

24 

1.2 

2.22 

1.97 

0.70 

1.27 

25 

1.2 

2.70 

2.20 

0.81 

1.39 

26 

1,2 

3.50 

2.85 

0.99 

1.86 

28 

1.2 

4.45 

3.52 

1.39 

2.13 

30 

1.2 

6.34 

5.64 

1.89 

3.75 

32 

1.2 

7.78 

7.05 

2.42 

4.63 

34 

1.2 

9.01 

8.02 

2.73 

5.29 

36 

1.2 

9.53 

8.64 

2.91 

5.73 

38 

1.2 

9.70 

8.83 

3.12 

5.71 

39 

0 

8.99 

7.87 

2.6S 

5.22 

40 

0 

9.26 

8.30 

2.91 

5.39 
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TABLE Vni 

Excretion of cholic acid in the choledochostomy drainage bile 
of patient F. W., and the effect of oral admin- 
istration of desiccated ox bile 


Days 

post- 

operative 

Cholic acid 
content of 
ox bile 
administered 

! 

! Volume 
i of bile 

1 excreted 
' per day 

Concentration 
of cholic 
acid in 
drainage bile 


millimoles per day 

ml. 

millimoles per liter 

2 

0 

690 

0 

3 

0 

520 

0 

4 

0 

580 

0 

5 

0 

625 

trace 

6 

0 

680 

trace 

7 

0 

610 

0.12 

8 

1.42 

950 

1.23 

9 

1.42 

1,025 

1.39 

10 

1.42 ! 

1,190 

1.24 

11 

1.42 

1,080 

1.47 

12 

1.42 

1,140 

i 

1.66 


ent from Tables VI and VIII that administration 
of desiccated ox bile to these patients, in the early 
post-operative period before recovery of the ex- 
cretion of bile acids, was followed by an immediate 
increase in the excretion of bile acids, particularly 
cholic acid. Inasmuch as the average ratio of 
cholic acid to desoxycholic acid is 5.5 : 1 in ox bile 
(10) as compared to 3 : 1 in the bile of man, it is 



to be expected that the administration of ox bile to 
human patients would cause a proportionately 
greater increase in cholic acid. Administration 
of ox bile did not produce a significant change in 
the glyco/tauro ratio in the bile of C. M. (Table 
VII) if the period from days 30 to 38, during 
which ox bile was administered, is compared with 
days 39 and 40, during which administration of ox 
bile was discontinued. This is to be expected in 
view of the similarity in the conjugation of bile 
acids of man and the ox. 

Administration of either hog bile or ox bile to 
these patients produced an increase in the volume 
of bile excreted during the ensuing 24 hours. The 
question of the effect of the administration of ani- 
mal bile upon the synthesis of bile acids by the pa- 
tient is important but is difficult to decide from 
our data inasmuch as the synthesis of bile acids 
was increasing progressively in most of the cases 
before animal bile was administered. The quantity 
of bile acids excreted per day can be calculated 
from the corresponding data for the volume of 
bile and the concentrations of the bile acids. Such 
data for the quantity of bile acids excreted in the 
bile per day are recorded for three of. the cases in 
Figures 1 to 3. Also, in these figures data for bile 



Fig. 1 
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IZ 16 20 24 28 

DAYS FOLLOWING OPERATION 
Fig. 3 


acid excretion are presented which have been 
“corrected” for the excretion of the bile adds con- 
tained in the administered animal bile, thus yield- 
ing data for the production of bile acids by the 
patient. It can be obser\'ed from these corrected 
cun'es that administration of bile of the ox or the 
hog did not depress the production of bile adds 
by the patients although there was a slight leveling 
of the slope of the curves in the case of A. M. 
(Figure 2) who received the largest doses of hog 
bile. On the other hand, tliere appears to have 
been some stimulation of bile acid production in 
the cases of C. D. (Figure 1) and C. !M. (Figure 
3). However, such a conclusion would seem to 
be unwarranted from the limited data available 
in view of the difficulties mentioned above. In 
the case of C. D. (Figure 1), the sharp increase 
in excretion of bile adds upon administration of 
hog bile might have been due to release of a slight 
obstniction to the flow of bile as a result of the 
pressure of the increased bile flow caused by the 
administered hog bile. However, the increase in 
concciitralioii of the bile acids, in addition to the 
increase in ro/iinic of bile excreted, following ad- 


ministration of hog bile (Table I), is somewhat 
suggestive of a stimulatorj’ effect. Nevertheless, 
if such an effect occurred, it must be assumed that 
it persisted ajter cessation of hog bile administra- 
tion in view of the continued increase in the con- 
centration of the bile acids (Table I) and of the 
maintenance of the quantity of bile acids excreted 
(Figure 1). In the case of C. M. (Tables VI and 
VII and Figure 3) there was progressive increase 
in the excretion of bile acids tliroughout the pe- 
riod of ox bile administration, and the production 
of bile acids by the patient was maintained during 
the 2 da 3 's of obser^-ation following cessation of ox 
bile administration (corrected curves of Figures 
3). Again, stimulation of bile acid production 
cannot be claimed since similar progressive in- 
creases in bile acid production have been observed 
in other patients during periods in which ox bile 
was not administered. During the period of ob- 
servation this patient did not attain so high a 
level of bile acid excretion as did patients C. D. 
and A. M.. but. as mentioned previoush-, tlie bile 
of this patient vas quite abnormal during tiie rir.=t 
3 weeks (improHng slowh' tb.creafter) suggesting 
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a pathological state of the liver or bile ducts, or 
both. 

While the possible stimulation of bile acid pro- 
duction by administration of animal bile to these 
patients cannot be decided conclusively from these 
data, it seems desirable to emphasize again those 
effects which are demonstrated unequivocally, i.c., 
the increase in volume of bile-flow and the absorp- 
tion and reexcretion of the bile acids supplied in 
the animal bile. The intestinal absorption of these 
“foreign” bile acids by the patients suggests that 
these animal biles can be used successfully in re- 
placement therapy. Additional evidence of their 
successful function in replacing the bile of the pa- 
tient has been provided by observations of in- 
creases in the values for prothrombin assays dur- 
ing periods when animal bile was administered. 

In previous papers (12, 13) we have demon- 
strated that normally the concentration of cholates 
in blood of the peripheral circulation is less than 1 
mgm. per 100 ml., but appreciably greater con- 
centrations of cholates appear in peripheral blood 
of men and dogs with biliary obstruction (13, 23) 
except in those cases in which the obstruction is 
of such duration that the damaged liver has lost 
the ability to synthesize cholates. However, even 
in the latter condition, the oral administration of 
cholates to animals with biliary obstruction is 
followed by the appearance of cholates in the cir- 
culation (12, 13). In Table IX there are re- 
corded the results of analyses for cholates in blood 
samples obtained from a patient with biliary ob- 
struction. 

This patient (C. S.), a 45-yr.-old black male, 
had had a cholecystectomy performed 6 months 
previous to admission, and an attempted drainage 
of his common duct one month after the chole- 
cystectomy because of increasing jaundice. Fol- 
lowing his operation a small amount of bile drained 
from his wound but his jaundice did not disappear. 
At the time of admission his skin had been mark- 
edly icteric for 6 months, he had had frequent in- 
termittent attacks of upper abdominal pain associ- 
ated with chills and fever, and suffered intense 
itching. His stools had been persistently acholic. 
Shortly after admission the Van den Bergh was 
direct, immediate with 9.3 mgm. bilirubin per 100 
ml. of blood. 

He was operated upon 37 days after admission 


TAB1.E IX 

Concentrations of cholates in blood of the peripheral circula- 
tion of patient C. S. before and after operation for 
the removal of obstruction of the bile duct, 
and the effect of oral administra- 
tion of hog and ox biles 


Pre-operative period 

Desiccated bile 
administered 
orally 

Clioiatc concentra- 
tion in whole blood, 
"cholic add" 

days 

grams per day 

mgm. per tOO ml. 

36-18 

1.7 (hog) 


32 

2.65 

21 


2.32 

18 


1.24 

13-6 

1.0 (ox) i 


8 


7.69 

At operation 


1.91 

Post-operative period 



days 



7-20 

1.0 (ox) 


10 


0.14 

18 


0.09 

31 

9.0 (ox) 


32 

0.0 

1 0.80 

40 

0.0 

0 

* 


and no evidence of the common duct was found. 
There was a small scarred area in the hilus of the 
liver from which thin, pale green bile was aspirated. 
The duodenum Avas sufficiently mobilized to per- 
mit direct anastomosis, over a pezzar catheter, 
with the hepatic duct, the catheter being brought 
out to the anterior abdominal wall through the 
stomach. Drainage of bile through the catheter 
was continued for 6 weeks. The catheter was then 
removed, and within 24 hours drainage from the 
wound had stopped. 

Samples were obtained during pre- and post- 
operative periods and during the administration of 
desiccated bile of the hog and the ox. During the 
thirty-sixth to the eighteenth day before the opera- 
tion there was a decline in the concentration of 
cholates in the peripheral blood which probably 
was indicative of a decline in the ability of the 
liver to synthesize cholates. This decline in the 
concentration of cholates occurred during a period 
when desiccated hog bile was being administered 
orally. However, hog bile does not contain 
cholates (8, 12), and our method (13) was spe- 
cific for the determination of that bile salt, either 
unconjugated or conjugated with glycine or tau- 
rine. At the time of these studies, we did not have 
available a method for the determination of hy- 
odesoxycholates in blood ; therefore, we were un- 
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able to study the interesting question of the pos- 
sible appearance of that bile salt of the hog in the 
peripheral circulation of obstructed patients re- 
ceiving hog bile by mouth. On the eighteenth day 
(pre-operative), administration of hog bile was 
discontinued. During the period from the thir- 
teenth to the sixth pre-operative day, a daily oral 
dose of 1 gram of desiccated ox bile (which con- 
tains cholates) was administered. The concen- 
tration of cholate in the peripheral blood had risen 
to 7.69 mgm. per 100 ml. by the eighth pre-opera- 
tive day. Administration of ox bile w'as discon- 
tinued on the sixth day before operation, and at the 
time of operation the concentration of cholate had 
declined again to 1.91 mgm. per 100 ml. of blood. 
After removal of the obstruction by operation, the 
concentration of cholate in the peripheral circula- 
tion remained low even when large doses of dried 
ox bile were administered orally. 

SUMMARY 

Bile samples collected post-operativel)’’ by chole- 
dochostomy drainage from a series of 1 1 cases were 
analyzed for cholic, desoxycholic, and total dihy- 
droxycholanic acids and for glyco, tauro, and total 
conjugated bile acids. A period of 10 to 20 days 
after operation usually elapsed before resumption 
of synthesis of these bile acids by patients whose 
biliary tracts had been severely obstructed. In 
some of the cases, the excretion of desoxycholic 
acid and the total dihydroxycholanic acid frac- 
tion was resumed somewhat earlier than the ex- 
cretion of cholic acid. In most cases, a con- 
siderable fraction of the bile acids was uncon- 
jugated during the first week or two following the 
operation, but usually recovery of the ability' to 
conjugate the bile acids (with glycine or taurine) 
did not lag far behind recover}’ of the s}'nthesis of 
the steroid nucleus of the bile acids. 

After a recover}’ period of 20 to 25 days, the 
average proportion of cholic acid to desoxycholic 
acid to chenodesoxycholic acid was 3:1: 0.75 in 
the bile of a patient with apparently minimal liver 
damage. Similar proportions between these bile 
acids \Yere obtained for most of the other cases dur- 
ing the late post-operative period, but the absolute 
concoitraliofis of the bile acids were smaller in 
the bile of those patients wth the greatest liver 
damage. 


Oral administration of desiccated gallbladder , 
bile of the hog to these patients was followed by ! 
the biliary' excretion of hyodesoxycholic acid, a I 
bile acid which normally is foreign to the bile! 
of man but which is a principal component of hog ; 
bile in which it is found conjugated with glycine. I 
There also was an increase in the glyco/tauro co- 
efficient which suggests that glycohyodesox}’cholic 
acid was absorbed and reexcreted unchanged in 
the drainage bile. This foreign bile acid was 
handled fairly efficiently in the enterohepatic cir- 
culation, a portion remaining in the circuit even 
after 4 days. 

Following oral administration of desiccated gall- 
bladder bile of the ox to these patients, there were 
increases in the excretion of cholic and desoxy- 
cholic acids which were proportional to the amounts 
of these bile acids in the administered ox bile. 

Preparations of desiccated bile of the hog and 
the ox provide a convenient and effective means 
for replacement of bile during choledochostomy 
drainage. Both preparations are well tolerated, 
both sti mulate an increase in the volum e of bile- 
flow, and both provide bile acids which are effec- 
Bve in supplementin g t he~butput~bf~bne"aci3s~ by 
the patient, apparently wthout inhibiting the s}'n- 
thesis of bile acids._. 

Cholates normally are present in blood of the 
peripheral circulation in concentrations less than 
1 mgm. per 100 ml., but the concentrations in- 
crease appreciably when the biliary tract is ob- 
structed unless the synthesis of cholates is de- 
creased by liver damage. Even in the latter case, 
the oral administration of cholates, or ox bile con- 
taining cholates, produces an increase in the con- 
centration of cholates in the peripheral circulation 
in contrast to the absence of this effect when the 
biliar}’ tract is not obstructed. 

CASE HISTORIES 

Case 1. — F. \V., a S3-year-o!d white male, entered the 
hospital 5-11-40 because of fever, chills of 5 days’ dura- 
tion, and epi^stric pain for 3 days. He had noticed a 
yellow tinge to his skin for several days. More than a 
year preHous to this time he had stopped eating pork : 
over this same period he had suffered heart Imrn reg’o- 
larly. He had lost 25 pcands in the past year. 

Temperature 100.8', pulse 100, respiration 20, blosyl 
pressure 106/60. Icterus was ohvio’js. Tl’.ere '.s-as rigid- 
ity in the right upper g’uadrant with tenderness in this 
area. The liver was 2 cm. lelo-.v the cos 


margin. 
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There was a right inguinal hernia present. There was 
stasis dermatitis on both legs. 

Van den Bergh 1.3 mgm., direct; blood urea nitrogen 
143; serum albumin 4.6 per cent, globulin 4.0 per cent. 
Urine showed only faint trace of albumin consistently. 
Hb 11.5 grams, RBC 2,240,000, WBC 6,400, polys 85 
per cent. Opaque shadows in flat film suggested gall- 
stones. The patient was treated symptomatically, given 
blood transfusions and fluid by vein. Despite the high, 
maintained blood urea the patient appeared moderately 
improved, and it was believed that the high urea was 
associated with liver disease. 

Operation was performed on 5-21-40, at which time a 
lobulated scarred liver was found. Marked adhesions were 
present about the gallbladder and common duct. The gall- 
bladder was exposed with some difficulty. It contained 
numerous small stones. Despite the need for common 
duct exploration, on account of the difficulties encountered, 
it was decided to drain the common duct through the 
dilated cystic duct. The proximal portion of the gall- 
bladder and the cystic duct were sutured about the tube 
for future use if needed. Bile readily drained from the 
tube. The patient was given several transfusions of 
whole blood post-operatively. His blood pressure quickly 
becoming stabilized at 110/60. Within five days the tem- 
perature returned to normal, the highest post-operative 
temperature being 102°. Despite the generally improved 
appearance of the patient, he complained of feeling weak 
and ate very little. Within 2 weeks post-operatively it 
became more difficult to get him to take nourishment by 
mouth. The tube was removed 21 days after operation. 
The patient expired on 6-13-40. Postmortem examination 
was not performed. 

Case 2. C. M., a 50-year-old colored housewife entered 
the hospital 10-26-40, because of acute epigastric pain of 10 
hours’ duration. The pain radiated to the interscapular 
area and was associated with nausea and vomiting. For 
15 years she had had intolerance to fatty foods. On ad- 
mission she was restless, moving about with recurrent at- 
tacks of acute pain. There was rigidity of the right upper 
quadrant. Temperature 102°, pulse 100, respiration 24, 
blood pressure 90/60. 

Shortly after admission following administration of 
morphine sulphate, nitroglycerine and intravenous fluids, 
the blood pressure was 150/ 104 and the patient became 
more comfortable. Hb 11.5 grams, WBC 7,300, urinaly- 
sis showed faint trace of albumin. Van den Bergh direct, 
immediate, 1.9 mgm per 100 ml. All evidence of icterus 
gone, icteric index being 7.5.; operation was performed 
on 11-9-40 at which time a chronically inflamed gall- 
bladder was removed and the dilated thickened common 
duct was explored. A T-tube was placed in the com- 
mon duct for drainage. The capsule of the liver was 
thickened and there was increased trabeculation of the 
liver. No obstruction was found. Following operation, 
the patient’s blood pressure dropped to 90/50, but follow- 
ing plasma infusion, rose to 140/100. After a few stormy 
days, her temperature, pulse, respiration, and blood pres- 
sure became stabilized at normal levels. Drainage was 


carried on for 40 days. The patient w'as discharged to 
the outpatient department. 

Case 3. C. D., a 58-year-old white woman, was ad- 
mitted to the medical service because of severe epigastric 
pain of 1 day’s duration. This was but one of many re- 
peated similar attacks which she had had for the pro- 
ceeding 7 years. These attacks usually began as pain 
in the epigastrium or in the right upper quadrant. There 
had been no jaundice noted, but there had been chills 
and fever on occasion, and she had noted dark urine. 
Temperature 98.4°, pulse 98, respiration 20, blood pres- 
sure 130/70, weight 8814 pounds. 

On physical e.xamination there were definite tenderness 
and slight rigidity of the right upper quadrant. The right 
kidney was palpable and there was tenderness in the right 
costovertebral angle. The liver was palpable 2 centi- 
meters below the costal margin. Other positive findings 
were a right inguinal hernia and external hemorrhoids. 
Icterus was not obvious clinically. The Kline test was 
negative, hemoglobin 11 grams RBC 4,340,000, WBC 
11,800, polys 86 per cent. Serum albumin 3.5 per cent, 
globulin 1.6 per cent, van den Bergh 0.6 mgm. per 100 cc. 
Flat film of the abdomen revealed 2 large radiopaque 
shadows which were interpreted as gallstones. Barium 
study revealed diverticula of the duodenum. Intravenous 
pyelogram revealed nothing unusual. 

Immediately following admission, pain and tenderness 
subsided, but 1 1 days later she had pain in the epigastrium, 
vomiting, and return of tenderness associated with chills 
and a fever of 103°. This promptly subsided to recur 2 
days later. Similar but milder attacks occurred every 2 
to 4 days thereafter until she was operated upon 1-8-40. 
At operation a contracted thickened gallbladder was found 
with a 1% cm. stone imbedded in the fundus. The com- 
mon duct measured more than 2 cm. in diameter and 
was filled with a large, putty-like mass, greenish brown 
in color, which formed a cast of the common duct. This 
material rvas removed, the duct washed clear, and a large 
T-tube placed in the common duct. The gallbladder was 
removed. The liver was found to be large and extended 
4 cm. below the costal rim. The surface was finely granu- 
lar and green tinted. 

Following operation the patient’s condition was satis- 
factory. Drainage was continued for 25 days, following 
which, after determining patency of the duct, the tube was 
removed. The patient returned a year later for repair of 
her inguinal hernia at which time she had had no recur- 
rence of her symptoms and was able to eat without restric- 
tion. 

Case 4. A. M., a 61-year-old Turkish male, was ad- 
mitted to the medical service on 10-23-38 because of right 
upper quadrant pain, jaundice, and vomiting. For 2 
years previously he had had intermittent attacks of right 
upper quadrant pain with nausea and vomiting. He had 
lost seventy pounds in the 2 years, but stated he ate very 
little for fear of precipitating an attack. Two days pre- 
viously he had had an attack which was more severe than 
usual which was accompanied with chills and fever, and 
he noted for the first time that he was jaundiced. Upon 
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examination he wzs found to be markedly icteric and the 
skin and mucus membranes were quite dry. Temperature 
99°, pulse 100, respiration 22, blood pressure 100/70. 
Moist rales were present over the right base posteriorly. 
The liver edge could be felt 3 cm. below the costal margin 
in the midclavicular line and there were marked tender- 
ness and moderate rigidity of the right upper quadrant. 
The spleen was palpable on deep inspiration. There was 
pitting edema of dependent parts. On admission, the urine 
contained bile, albumin 4 and an occasional white cell. 
Hb 12.5 grams, RBC 4,300,000, WBC 31,300, polys 96 
per cent. Kline test negative, van den Bergh immediate, 
direct, 4.5 mgm. There was a trace of urobilinogen in 
the urine, blood cholesterol 228 mgm. On 11-14-38, three 
weeks after admission, his white count was 8,800 and his 
hemoglobin 8.0 grams, -serum albumin 3.3, globulin 2.8, 
clotting time 3^ minutes, bleeding time 4 minutes, 10 
seconds, prothrombin 52 jer cent. 

The patient was treated symptomatically. He was given 

0.4 gram pig bile Li.d. with several experimental prepara- 
tions of vitamin K given orally. 

Just preceding operation, which was performed on 1- 
17-39, the prothrombin was 58 per cent, hemoglobin 12.6 
grams, WBC 7,800, van den Bergh 0.75 mgm. At opera- 
tion the liver appeared but slightly enlarged, was paler 
than normal, and the capsule was moderately thickened. 
The gallbladder contained numerous stones and was re- 
moved. The common duct was thickened and admitted 
the index finger easily. Three stones were removed from 
the duct, following which the probe passed easily into the 
duodenum and into the liver. A T-tube was sutured into 
the common duct and brought out through the abdominal 
wall. Following operation he had no unusual difficulties 
and was discharged in good condition. 
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INTRODUCTION (8) also obseiA'ed that glycine feeding increased 

Although most investigators (1 to 4) have ^^^c acid excretion, particularly when combined 
agreed that the ingestion of protein increases the sahc) ate ingestion. 

output of uric acid in man, there has been no clear V obserr-ations have been made 

elucidation of the mechanism whereby this is ac- be fitted in with the theory of m- 

complished. Mares (5) believed that the in- creased production of uric aad after ingestion of 
creased uric acid in urine following high protein protein or amino acids. ^ Thus, although Lewis, 
feeding resulted from the deterioration of nuclei Dunn, and Doisy (4) implied that the specific 
of digestive cells concerned in the assimilation of djnamic action of ingested amino acids effected 
the ingested protein. He offered in support of an increased production of uric acid, they also 
this theory the observation that atropine decreased found that glutamic acid (an amino acid without 


and pilocarpine increased the output of uric acid. 
Taylor and Rose ( 1 ) found that, although urinary 
uric acid increased after an intake of high protein, 
the excretion of urinary creatinine did not change. 
Lewis, Dunn and Doisy (4) administered various 
amino acids to men in order to obviate as much 
as possible the probability of digestive gland ac- 
tivity necessarily involved in converting protein 
into its constituent amino acids. They found that 
all amino acids tested except sarcosine increased 
the output of uric acid. Since this latter amino 
acid was not catabolized in the body, the authors 
concluded that the uric acid metabolism of the 
body was increased by the specific dynamic action 
of catabolizing amino acids. Rose (6) concluded 
that the increase in uric acid output after high 
protein ingestion was due to generalized cellular 
stimulation occasioned by a higher caloric intake, 
thus impl 3 dng that the increase in urinarj" uric acid 
was due to some intrinsic protein or amino acid 
effect. Christman and Mosier (7) gave glycine to 
subjects and observed an increased urinarj- uric 
acid but no change in the renal excretion of creati- 
nine. They apparentl}’ concurred with Rose’s 
theory concerning the general stimulating effect 
of protein or amino acids on cellular metabolism 
with consequently increased production and sec- 
ondarily increased excretion of uric acid. Quick 

' -Mded by a grant from the Dazian Foundation for 
Medical Research. 


significant d 3 mamic action) increased uric acid 
output as markedly as an 3 - amino acid tested. 
Furthermore these investigators in this particular 
study never determined the concentration of uric 
acid in blood after ingestion of amino acids — it 
was assumed apparently that such a rise occurred 
because of the increased urinaiy' output observed. 
Later however, Gibson and Dois 3 ' (9) were unable 
to detect a rise in blood uric acid in man after the 
ingestion of amino acids. Finall 3 ’-, Pitts (10) 
showed that an excess of an amino acid (gtycine) 
might influence the renal excretion of a blood con- 
stituent not b 3 ' increasing the production of the 
latter but b 3 ’ competing with it in the renal tubular 
reabsorptive process. These latter obser\’ations 
suggested the possibilit 3 ' that excess amino acid 
ingestion might increase urinaiy' uric add not b 3 ’ 
initially increasing the concentration of the latter 
in the blood but b y interfe ring with its re nal tubu- 
lar reabsorption after its glomerular filtration 

(ii)-r- 

In order to explore the validit 3 - of this last 
possibilit 3 ’ as well as to determine other possible 
mechanisms involved in the increased e.xcretion 
of uric acid after ingestion of amino acids, rats 
were given gh’dne. Studies then were made of 
the creatinine, hippuratc and uric acid clearances 
together with the blood uric acid concentrations. 
Similar studies with the e.vception of the hip- 
purate clearance were made on 2 human subjects. 
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Finally studies were made of the blood concentra- 
tion of uric acid in nephrectomized rats given 
glycine. The results of these studies suggested 
that glycine increased the output of uric acid by 
effecting initially a decrease in the amount of uric 
acid reabsorbed by the renal tubules. 

METHODS 

A. Animal experiments 

(1) Clearance and blood uric acid studies 

Nineteen male albino rats, approximately 6 months of 
age, fed Purina Dog Chow, were used in this study. 
Control creatinine and hippurate clearances were deter- 
mined for 2 hours exactly as described in a previous study 
(12). However, uric acid studies were also made on 
the rats at the same time by allowing the total period of 
urine collection to continue past the 2 hours necessary 
for the above mentioned clearances until a period of 5 
hours had been attained. The blood uric acid was deter- 
mined on the initial and final blood samples taken for the 
creatinine and hippurate clearances as well as on a third 
blood sample taken at the end of the 5-hour collection 
period. The urine collected for 5 hours was analyzed 
also for uric acid. The blood uric acid clearance was cal- 
culated by determining the average uric acid output per 
hour and dividing this figure by the average blood uric 
acid concentration per ml. over the 5-hour period (deter- 
mined by averaging the blood uric acid concentrations of 
the 3 blood samples taken) . In this manner, the creatinine, 
hippurate, and uric acid clearance as well as the blood 
uric acid level were determined concomitantly although 
the uric acid clearance was calculated on a 5-hour col- 
lection period. After these control clearances had been 
made, they were repeated 1 week later on the same rats 
except that the latter were given 50 mgm. of glycine per 
100 grams of body weight at the beginning of the collec- 
tion period and 5 mgm. every hour for 5 hours. The 
creatinine and hippurate clearances have been expressed 
in ml. of plasma per hour per 100 grams of body weight. 
The uric acid clearance was not found to vary with body 
weight, hence has been expressed in ml. of blood per hour 
per rat. 

Uric acid in blood was determined according to the 
method of FoHn (13) except that proportionately smaller 
quantities of reagents were employed in order to deter- 
mine the uric acid content of no more than 0.5 ml. samples 
of whole blood. Uric acid in urine was determined ac- 
cording to the method of Benedict and Franke (14). 

(2) Blood uric acid levels in ncphrcctomiscd rats 

Seventeen healthy rats were nephrectomized after con- 
trol blood uric acid determinations had been made. Nine 
of these rats then received 100 mgm. of glycine by 
stomach tube immediately after operation and 50 mgm, 
3 times a day as long as they lived. The remaining 8 
rats received no glycine and served as controls. Blood 


samples were obtained daily from each rat and analyzed 
for uric acid. Water but not food was given to the rats. 

B. Human experiments 

Two healthy adult men (W. C., age 34 and M. F., age 
36) previously on a purine-free diet for over 48 hours 
were studied. At 9:30 a.m., each subject was given 2.5 
grams of creatinine in 500 ml. of H»0. At 10:15 a.m., 
the first blood sample was taken and urine collection be- 
gun. Five hundred ml. of H-0 were taken every half 
hour for 4 hours. At 12:15 p.m. a second blood sample 
was taken and a final blood sample at 2:15 p.m., at which 
time urine collection ended. The first two blood samples 
were analyzed for both creatinine and uric acid but the 
third sample was analyzed for uric acid alone. One-half 
ml. of urine was obtained from the collecting jar at 12:15 
p.m. and analyzed for creatinine and the urine collected 
for the entire period of 4 hours was analyzed for uric acid. 
Thus, a 2-hour creatinine and a 4-hour uric acid clear- 
ance were able to be obtained. The 0.5 ml. removed from 
the collection jar at the end of 2 hours, as in the rat 
experiments, was included in estimating the total volume 
(collected over the 4 hours) for the determination of uric 
acid clearances. Two weeks after these control studies 
had been made, the entire procedure was repeated on the 
same 2 subjects except that at the beginning of the collec- 
tion period, each ingested 25 grams of glycine. Creati- 
nine and uric acid clearances have been expressed in ml. 
per minute. 

RESULTS 

A. Effect oj glycine on uric acid output and clear- 
ance of the rat 

The administration of_giycine to rats over the 5- 
hour clearance study was found (see Table I) to 
have increa sedjhe ,.uric ac ^output of 17 of the 19 
rats studied. The average uric acid output be- 
fore glycine ingestion was 0.136 mgm. per hour 
and 0.170 mgm. per hour afterwards, an increase 
of approximately 25 per cent. Likewise the aver- 
age uric acid clearance increased from 10.70 ml. 
to 14.50 ml. per hour, an increase of 35 per cent. 

The average urine volume was observed to de- 
crease (see Table I) from 3.90 ml. to 2.90 ml. per 
hour after glycine ingestion. The average cre- 
atinine clearance however showed no significant 
change being 34.3 ml. before and 35.4 ml. per hour 
after glycine had been given. The hippurate clear- 
ance also showed no significant change as it was 
138 ml. before and 139 ml. per hour after glycine 
administration. It was clear from these studies 
then that the increase in uric acid output observed 
after glycine ingestion was due neither to in- 
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TABLE I 

The effect of glycine on the excretion of uric acid in the rat 





Before glycine 




After glycine 



u . v .> 

mm 

H.C.» 

U.A.E.« 

Uj 4. C .‘ 

u . v . 

C.C. 

H.C. 

UA.E. 

UA..C. 

98 

1.8 

14.3 

no 


6.75 

2.9 

35.0 



.173 


75 

4.1 

46.8 

202 


10.30 

3.5 

40.0 

146 

.168 

16.30 

29 

4.4 

44.0 

175 

Htifl 

14.30 

3.7 

39.2 

157 


19.50 

72 

4.1 

34.6 

139 

.163 

15.10 

1.3 

28.0 

180 

.175 

15.40 

50 

3.9 

35.4 

147 

.162 

11.80 

2.4 

31.4 

— 

.187 

18.30 

43 

1.4 

14.2 

122 

.132 

9.50 

2.7 

31.7 

— 

.210 

16.20 

52 

2.5 

24.8 

87 

.115 

12.90 

3.5 

46.3 

— 

.176 

14.70 

42 

4.0 

35.5 

118 

.161 

15.30 

1.2 

23.9 

— 

.199 

15.00 

01 

4.2 

18.6 

91 

.144 

9.60 

4.1 

48.0 

— 

.151 

12.30 

89 

4.2 

34.6 

108 

.139 

9.50 

3.2 

28.6 

119 

.127 

9.80 

21 

3.9 

34.8 

146 

.137 

10.10 

3.4 

38.6 

— 

.175 

12.80 

88 

4.4 

43.7 

160 

.141 

9.10 

2.7 

24.7 

108 

.208 

19.60 

53 

5.1 

34.4 

158 

.139 

9.90 

2.5 

40.8 

142 

.178 

11.90 

29 

4.2 

28.5 

115 

.110 

9.40 

2.5 

20.8 

64 

.184 

14.90 

55 

4.7 

48.0 

256 

.114 

8.80 

2.9 

29.9 

160 

.138 

11.70 

90 

3.9 

38.8 

128 

.113 

9.00 

2.6 

39.7 

129 

.128 

10.70 

02 

4.4 

32.5 

73 

.134 

9.30 

2.9 

45.7 

81 

.125 

10.40 

39 

4.4 

50.5 

152 

.172 

10.60 

3.6 

43.8 

191 

.158 

14.10 

77 

4.6 

37.0 

138 

.130 

12.90 

3.6 

36.8 

192 

.164 

17.10 

Av, 

3.9 

34.3 

138 

.136 

10.70 

2.9 

35.4 

139 

.170 

14.5 


* U. V. equals urine volume in ml. per hour. 

~ C. C. equals creatinine clearance in ml. per hour per 100 grams body weight. 

* H. C. equals hippurate clearance in ml. per hour per 100 grams body weight. 
U. A. E. equals miih’grams of uric add excreted in urine per hour. 

“ U. A. C. equals uric add dearance in ml. per hour. 


creased glomerular filtration nor to increased renal 
blood flow. 

B. Effect of glycine on blood uric acid of the rat 

Uric acid content of rat’s blood was found to in- 
crease from 10 :00 a.m. to 3 :00 p.m. (the hours 
employed for the clearance studies) in the control 
rats. Thus (see Table II) the control average 
blood uric acid was 0.97 mgm. at the beginning of 
the clearance study, 1.16 mgm. at the end of 2 
hours and 1.51 mgm. per 100 ml. at the end of 5 
hours. Similarly the blood uric acid was found to 
increase in those rats given glycine (see Table II), 
but the increase was not greater than in tlie control 
animals. There was little evidence, then, from 
these results to support the assumption that glj'dne 
per sc increased the production of uric acid in the 
animal body. 

The evidence obtained from the nephrectomized 
rats fed glycine also failed to support the assump- 
tion that more uric acid was produced or mobilized 
in the blood stream following increased intake of 
amino acid. Thus the average blood uric acid level 
of S control rats before nephrectomy was 1.S5 
mgm. per 100 ml. of blood. Twentv-four hours 


after nephrectomy the blood concentration was 
1.88 mgm. and 1.96 mgm. per 100 ml. after 48 
hours. This represented an increase of 6 per cent 
in the blood uric acid. 48 hours after nephrectomy. 
The average blood uric acid content of 9 rats given 
glycine following nephrectomy was 1.71 mgm. per 
100 ml. before and 1.80 mgm. and 1.84 mgm. per 
100 ml., 24 and 48 hours, respectively, after ne- 
phrectomy, representing an increase of but 8 per 
cent. In short, glj'cine feeding did not significantly 
increase the blood uric acid of nephrectomized 
rats. It must be remembered, however, that the 
rat converts uric acid into allantoin. It is there- 
fore possible that any e.vcess uric acid produced in 
these nephrectomized rats may have been converted 
so quickly to allantoin that no rise in blood uric 
acid occurred. .Accordingly, the c.vperimental 
data obtained on these nephrectomized rats are not 
necessarily applicable to human subjects. 

C. The effect of glycine on uric acid output and 
clearance of man 

The ingestion of 25 grams of glycine by 2 sub- 
jects was found to increase the uric acid output of 
both. The average uric acid output (sec Table 
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TABLE II 


The effect of glycine on the blood uric acid of the rat 



Normal rat 

Normal rat given glycine* 

Rat 

10:00 a.m. 

12:00 n. 

3:00 p.m. 

10:00 a.m. 

12:00 n. 

3:00 p.m. 


Uric 

acid 

Uric 

acid 

Uric 

acid 

Uric 

acid 

Uric 

acid 

Uric 

acid 


mgm, 
per cent 

yngm, 
per cent 

mgm. 
per cent 

mgm, 
per cent 

mgm, 

percent 

nigm. 

percent 

98 

1.30 

1.60 

1.60 

0.97 

1.10 

1.40 

75 

1.20 

1.30 

1.40 

0.94 

1.30 

0.86 

29 

0.81 

1.10 

1.40 

1.10 

0.97 

1.10 

72 

0.95 

1.00 

1.30 

0.83 

1.50 

1.10 

50 

0.92 

1.30 

1.90 

0.94 

0.91 

1.20 

43 

1.00 

1.30 

1.80 

1.00 

1.10 

1.80 

52 

0.81 

0.95 

0.92 

0.90 

1.10 

1.60 

42 

0.75 

1.00 

1.40 

1.00 

1.20 

1.80 

01 

0.84 

0.95 

1.40 

1.10 

1.30 

1.30 

89 

0.75 

0.92 

1.50 

1.00 

1.30 

1.60 

21 

0.84 

0.73 

1.30 

1.00 

1.20 

1.90 

88 

1.10 

1.00 

2.00 

0.68 

1.00 

1.50 

53 

1.20 

1.20 

1.60 

0.61 

1.40 

2.50 

29 

0.95 

1.00 

1.40 

0.90 

1.80 

1.90 

55 

1.00 

0.96 

1.60 

0.65 

1.10 

1.80 

90 

0.77 

1.50 

1.50 

0.97 

1.40 

1.20 

02 

1.40 

1.50 

1.40 

0.90 

1.20 

1.50 

39 

0.97 

1.80 

2.10 

0.87 

1.20 

1.30 

77 

0.93 

1.00 

1.10 

0.92 

0.97 

1.00 

Av. 

0.97 

1.16 

1.51 

0.91 

1.21 

1.44 


* Each rat given 50 mgm. of glycine per 100 grams body 
weight at start and then 5 mgm. every hour of the 5-hour 
study period. 


Ill) was 23.40 mgm. before and 39.95 mgm. per 
minute after the administration of glycine (an in- 
crease of 71 per cent). Similarly, the average 
uric acid clearance increased from 11.90 ml. to 
17.50 ml. per minute (an increase of 47 per cent). 

As was observed in the rats, the average urine 
volume also decreased (see Table III) from 3.26 
ml. before to 2.49 ml. per minute after glycine. 
The average creatinine clearance also decreased 
from 116.0 ml. before to 100.0 ml. per minute after 
glycine had been given. Similar again to the rat 
study, no significant change was observed in the 
blood uric acid level after glycine had been given. 

DISCUSSION 

The above results suggest quite strongly that 
glycine does not increase the production of uric 
acid in the body of either rat or man. On the 
other hand it was certain from the observations 
made that glycine ingestion does increase the renal 
excretion of uric acid, despite the fact that both 
creatinine and hippurate studies demonstrate the 
fact that tliere is neither increase in the rate of 


glomerular filtration nor in the renal blood flow 
after glycine. As a matter of fact, the creatinine 
clearance slightly decreased after glycine in the 2 
human subjects tested. These facts lead to the in- 
escapable conclusion that glycine in some manner 
probably impedes tubular reabsorption of the uric 
acid contained in tubular fluid. In other words, 
uric acid output is increased after glycine, not be- 
cause the blood contains more uric acid nor be- 
cause the kidney filters or secretes more of it, but 
because the renal tubule does not reabsorb the 
usual quantity of uric acid in the presence of excess 
glycine. The latter may compete with uric acid 
for reabsorption at the identical tubular site. This 
mechanism may be quite similar to that postulated 
by Pitts (10) to explain the preferential tubular 
reabsorption of glycine with impedance of crear 
tine reabsorption when both are in the glomerular 
filtrate. Such a mechanism would explain also the 
fact that, in the present study, there was not the 
expected change in the rat’s creatinine clearance 
commensurate with the decrease in urine volume 
(12) — a phenomenon which suggests increased 
water reabsorption by the tubule. 


TABLE III 

The effect of glycine on blood uric acid and uric acid 
excretion in man 


Subject j 

Blood uric acid 

U.V.i 

C.C.s 

U.A.E.’ 

U.A.C. 

10:00 

a.m. 

12:00 

II* 

3:00 

p.m. 


7ngm. per cent ' 





Before glycine 

M.F. 

W.C. 

3.20 

3.40 

3.10 

3.40 

3.10 

3.50 

3.95 

2.56 

115 

118 

19.20 

27.60 

10.30 

13.50 

Average: | 

3.30 j 

3.25 1 

3.30 j 

3.26 j 

116 1 

23.40 

11.90 

After glycine ® 

(25 grams) 

M.F. 

W. C. 

3.60 

4.00 

3.60 

3.90 

1 3.90 
3.90 

i 2.50 
2.48 

100 

101 

35.60 

44.30 

16.10 

18.90 

Average: 

3.80 

3.75 

1 

3.90 

2.49 

100 

39.95 

17.50 


* U. V. equals urine volume fn ml. per minute. 

- C. C. equals creatinine clearance in ml. per minute. 

’ U._A. E. equals milligrams of uric acid excreted in urine 
per minute. 

* U. A. C. equals uric acid clearance in ml. per minute. 

® Glycine given after the 10:00 a.m. blood sample had 
been obtained. 
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The failure of the blood uric acid to decrease in 
the presence of this increased renal output of uric 
acid may well be due to the ability of the extra- 
vascular tissues to maintain the blood uric acid 
concentration despite its increased renal excretion. 

SUMMARY 

The administration of glycine to the rat and to 
man was found to increase the renal excretion of 
uric add Avithou t a concomitant change in either 
the renal hemodynamics or m the conc entration 
of uric acid in the blood. Furthermore, gtycine 
feeding was not found to increase the uric add 
content of nephrectomized rats’ blood. 

These findings suggested the probability that 
glycine increased the excretion of uric acid by im- 
peding its r enal tubul ar reab sorption. 

The author wishes to express his thanks for the tech- 
nical assistance given to him by: Barbara Trousdale, 
Francis Greenberg, William Cano, Dr.. Morton Garfield, 
and Zora Gross. 
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Our present knowledge of the protein compo- 
nents of normal human plasma has been markedly 
advanced in recent years as a result of the blood 
fractionation program carried out by Cohn and his 
group (1). To a considerable extent the success 
of this program was due to the availability of large 
quantities of pooled plasma from normal humans. 
In attempting to extend the available information 
on normal human plasma to pathological human 
plasma, one is faced with the serious technical 
difficulty of being restricted to relatively small 
samples from a patient with a given disease. It 
therefore seemed desirable to investigate the pos- 
sibility of using postmortem blood obtained at 
autopsy. The chief question to be answered in 
such a study is that of the influence of postmortem 
conditions on the plasma protein composition. 
Scudder (2) in a study of various factors in- 
fluencing blood preservation stated that a serum 
and plasma sample obtained at autopsy were both 
“abnormal” on electrophoretic analysis. No ref- 
erence was made as to the antemortem clinical 
status, nor were any antemortem analyses carried 
out. In view of this report it seemed important 
to determine what changes, if any, were to be found 
in samples of postmortem blood in different dis- 
eased states. Essentially the problem was that of 
obtaining a sample of blood antemortem and a sec- 
ond sample postmortem and comparing the electro- 
phoretic patterns. A study of 9 cases is reported 
in the present paper, the results of which indicate 
that postmortem blood, which may be obtained in 
considerable quantity, shows no striking electro- 
phoretic variation from that observed antemortem 
during the course of the disease. 

METHODS 

Collection of blood samples 

At times varying from S to 240 hours before death, 
25- to 30-ml. samples of blood were collected and allowed 

^ Aided in part by a grant from the Wisconsin Alumni 
Research Foundation. 


to clot at room temperature in a SO-ml. centrifuge tube. 
After retraction of the clot had begun, the tube and con- 
tents were centrifuged at 3,000 r.p.m. for 10 minutes. 
The clear serum was transferred to a SO-ml. Erlen- 
meyer flask which was then placed on its side in a quick- 
freeze unit. Blood was again collected at times varying 
from % to 13 hours after death and treated in the same 
manner as the antemortem samples. A number of differ- 
ent methods were used to obtain the postmortem blood. 
If the antecubital veins were in good condition it was 
found that by placing a tourniquet below the antecubital 
fossa and allowing the arm to drop off the side of the 
table with the opposite shoulder elevated so that the back 
was perpendicular to the table, 25 to 30 ml. could be 
procured from the distended veins. Frequently the veins 
in this region were not suitable and thus it was necessary 
to resort to either cardiac puncture or puncture of the 
femoral vessels. In cases of necropsy within 3 hours 
postmortem, the following procedure was found effective 
for obtaining large quantities of blood (1,500 to 2,500 ml.). 
The vena cava was incised and a length of tubing 10 mm. 
in diameter inserted and directed toward the heart. This 
was secured by tying a ligature about the vessel. The 
superior portion of the vena cava was either tied or 
clamped. The distal end of the tube was placed in a 
suitable container, and the body then elevated so that the 
feet were at the top of an incline of approximately 40°. 
It was found convenient to include a glass T-tube near 
the distal end of the tube to permit application of suction 
in instances where clots interfered with free drainage. 

Electrophoretic analysis 

The frozen samples were thawed out at room tempera- 
ture, The resulting solutions were centrifuged and diluted 
with 2 parts of O.IOm sodium diethylbarbiturate buffer, 
pH 8.6. The diluted samples were then dialyzed against 
2 liters of buffer at 1 to 2° C. for 48 hours. The dialyzed 
samples were examined in the electrophoresis apparatus 
using the Schlieren scanning technique of Longsworth 
(3). Electrophoresis was carried out in 11-ml. cells for 
150 minutes at a potential gradient of about 6 volts per 
cm. at 1.5° C. Relative composition of the serum samples 
was estimated by measuring the areas under the pro- 
jected patterns after the areas were resolved into a series 
of symmetrical curves. In all instances, the percentage 
composition represents the average of the ascending and 
descending boundaries. 

Mobilities were determined by measuring the migration 
distances of the different components from the starting 
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boundaries. Conductivitj- measurements were made on 
the protein-free buffer used as the dialyzing solution. 

Total protein was determined by the micro-Kjeldahl 
technique. 

RESULTS 

Examination of Table I reveals that in only 1 
instance (case 5) was there any significant change 
in the composition of the postmortem samples as 
compared with the antemortem samples. It ap- 
pears from the anatyses in case 5 that there is a 
postmortem decrease in beta globulin and an 
increase in gamma globulin. Whether this is 
actually due to a quantitative change in these com- 
ponents or to some unknown qualitative change 
causing a portion of the beta globulin fraction to 
migrate as gamma globulin is not apparent. The 


fact that the postmortem sample in this instance 
was taken only 1 hour after death suggests that the 
change is not due to postmortem conditions as 
such. It should be noted that the average values 
of the ratios of ante and postmortem analyses are 
remarkably close to unity. 

With the exception of case 9 the total protein 
determination ante- and postmortem agreed quite 
closely. The high postmortem value found in this 
instance is in all probabilit}' an artefact due to de- 
hydration of the sample in the freezer. 

The serum protein patterns in several of the 
conditions studied showed marked variations from 
normal. The range of normal values obtained with 
sera from young normal adults and determined 
with the same technique is given in Table II. 


TABLE I 


Per cent composition of ante- and postmortem serums* 


Case 

no. 

Diagnosis 

Hours 

Total 

pro- 

Alb. 

Ratio** 

B 

Ratio 

B 

Ratio 

e 

Ratio 

n 

Ratio 



tein 



m 

] 

m 




■1 



Angiomatous 

59.0 

4.53 

31.40 


15.90 


19.20 


18.00 


15.50 


1 

mesothelioma 
of pelvis 

1.5 

4.89 

26.90 

1.17 

16.50 

0.96 

18.20 

1.05 

17.10 

1.05 

21.30 

0.72 


Agranulocvtosis 

11.0 

6.97 

46.10 

1 

12.50 


16.20 


14.50 


10.70 


2 

with terminal lobar 
pneumonia 

3.0 

6.99 

44.60 

1.03 

12.20 

1.02 

17.20 

0.94 

16.00 

0.90 

10.00 

1.07 


Carcinoma of 

36.0 

7.25 

26.40 


8.90 


16.40 


24.60 


23.70 


3 

esophagus with 




1.04 


0.87 


0.86 

1.17 

0.96 


metastases 

13.0 

7.86 

25.20 


10.20 


19.00 

1 

21.00 

1 

24.60 



Nonlipoid histio- 

13.5 

7.06 

28.00 


12.40 


15.20 


16.10 


28.30 


4 

cytosis (Letterer- 
Siwe’s disease) 

2.5 

6.84 

29.40 

0.95 

14.40 

0.85 

15.20 

1.00 

15.60 

1.03 

25.40 

1. 11 

5 

Localized Hodgkins 
with infiltration of 

57.0 

7.02 

40.30 

0.97 

9.70 

1.03 

19.70 

0.83 

17.90 

1.92 

12.40 

0.76 


lungs 

1.0 

7.52 

41.60 


9.40 

1 


23.50 


9.30 


16.22 



Arteriosclerosis, 

7.5 

6.58 

44.40 


13.10 


12.30 


17.40 


12.80 


6 i 

generalized 


1 


1.01 


1.00 

1 0.82 

1.10 

1.00 



2.0 

6.13 

43.60 


13.00 


14.90 

i 

15.70 


12.80 



Myelogenous 

55.0 

6.78 

51.40 

j 

9.80 


10.00 


16.10 


12.70 


7 

leukemia 

0.5 



0.94 1 


1.11 

0.97 

1.22 


0.94 



6.55 

54.30 

1 

1 

8.80 


10.30 


13.10 


13.50 



Hypernephroma 

135.0 




11.30 


13.40 


21.10 


31.90 


8 

with metastases 

1.00 



1.01 

11.50 

1 

0.98 

13.20 

1.01 

24.00 

0.83 

28.40 

1.12 


Hypertensive and 

239.5 

6.86 

42.70 


8.70 


12.40 


19.90 


16.30 


9 

arteriosclerotic heart 
disease, multiple 
pulmonar>’ emboli 

3.0 

S.50 

34.70 

1.23 

1.14 

0.84 

0.84 

0.84 

7.60 

14.70 

23.70 

19.30 

Mean of ratios: 

1.04 


1.00 j 

0.92 


1.12 1 j 

! 1 

0.95 


• • top line rcprejcnts antemortem and l>ottom line po=tn’.ortem valuer. 

Ratio of antemortem and postmortem \-3lues. 
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TABLE II 


Electrophoretic analysis of 10 sera from young normal adults 



Albumin 

Alpha- 1 

AlpIia-2 

Beta 

Gamma 

1 

53.1 

5.4 

11.4 

16.6 

13.8 

2 

57.8 

6.0 

8.5 

13.7 

13.8 

3 

55.5 

5.9 

9.8 

13.7 

15.1 

4 

54.1 

5.0 

9.1 

16.6 

15.2 

5 

53.1 

4.9 

8.6 

17.2 

16.2 

6 

59.8 

4.8 

8.0 

14.6 

12.8 

7 

58.6 

4.8 

/.a 

13.7 

15.4 

s 

59.0 

4.2 

9.6 

16.6 

10.6 

9 

54.6 

5.5 

9.3 

14.2 

16.4 

10 

59.0 

5.2 

7.8 

• 15.2 

12.8 

Mean 

56.5 

5.2 

9.0 

15.2 

■14.2 

S.D. 

2.8 

1.7 

1.4 

1.5 

1.8 

S.E. of 






mean 

0.9 

0.6 

0.5 

0.5 

0.6 


In cases 1. 3, 4. and 8 the serum albumin levels are 
extremely low. Of interest, however, is the fact 
that the globulin components are not uniformly 
increased. Thus, in case 1, marked increases are 
seen only in the alpha-1 and alpha-2 fractions; in 
case 3. in all the globulin fractions ; in case 4, in 
the alpha-1, alpha-2, and gamma globulin fractions ; 
and in case 8, in the alpha- 1, beta, and gamma frac- 
tions. The one fraction showing the most con- 
sistent and striking variation from normal in all 
the conditions studied here is the alpha-1 globulin. 
This finding is in keeping with the obsen-ations 
made previously by Shedlovsky and Scudder (4). 

Tracings of the electrophoretic patterns ante- 
and postmortem of the different cases and that of 
a typical normal serum are shown in Figure 1. 
The greatest apparent variation in the patterns 
of the ante- and postmortem specimens is seen 
to occur in the beta-anomaly of the descending 
patterns. However, variations of the same degree 
and type have been observed in determinations on 
a series of normals and even in a series of 3 deter- 
minations on the same individual at varv'ing inter- 
vals of time. 

The mobility values of the different fractions of 
the normal, antemortem, and postmortem series are 
shown in Table III. It is apparent that the protein 
components in serum from cases of disease, ante- 


TABLE in 

Mobilities (cmr/volt sec. X 10~^') 



Albu- 
min 1 

.Alpha-l| 

.■Upha-2, 

Beta 

Gamma 

Normal Mean 

S.D. 

6.8 

0.23 

5.8 

0.25 

4.6 

0.19 ! 

1 

3.3 

0.22 

1.5 

0.21 

.Antemortem Mean 
S.D. 

6.8 

0.30 

5.7 

0.30 

4.5 

0.32 

3.2 

0.29 

1 1.4 
0.26 

Mean 

Postmortem S.D. 

6.7 

1 0.30 

5.7 
■ 0.32 

4.5 
! 0.31 

i 3.4 
0.32 1 

1.5 

0.28 


and postmortem, have the same mobilit}' values as 
those found with normal serum. 

SUMMARY 

Serum samples taken ante- and postmortem from 
9 cases of different diseases were examined electro- 
phoretically. While all the cases showed some 
variation from a series of normals, no striking 
electrophoretic differences were noted in the post- 
mortem as compared with the antemortem sam- 
ples. On this basis it would appear that up to 13 
hours postmortem, serum proteins undergo no 
significant changes. Thus, the possibility presents 
itself of preparing purified protein fractions from 
postmortem blood of diseased patients and com- 
paring their physical, chemical, and biological 
properties with those obtained from normal pooled 
plasma. 
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It has been previousl)" pointed out by us (1) that 
tlie rise of the undetermined and the amino nitro- 
gen in the plasma of scalded rats is directl)’^ re- 
lated to the severity of the bum. In the present 
paper it will be shown that the extent to which 
the increases in these two nitrogen fractions are 
reduced by therapeutic measures provides an in- 
dex of efficacy of the fluid and salt treatment. The 
therapeutic agencies under comparison were physi- 
ological saline, gelatin, albumin, and plasma, which _ 
were administered intravenously to the scalded 
rats at varying intervals of time and in varying 
quantities. In addition to the efltect of these sub- 
stances upon the azotemia, their influence upon 
the urinary excretion of water and nitrogen was 
investigated. 

EXPERIMENTAL METHODS 

The standardized back-burn procedure, the collection 
of blood, and the determination of non-protein nitrogen, 
urea nitrogen, and amino nitrogen in tungstic acid fil- 
trates of the plasma have been preriously described (1, 
2). The difference (non-protein nitrogen — [urea ni- 
trogen -h amino nitrogen] ) will be referred to as the 
undetermined plasma nitrogen. 

Plasma protein levels were -calculated by multiplying 
the difference (total plasma nitrogen — non-protein ni- 
trogen) -by the factor 625. The estimation of the gelatin 
content of plasma following the infusion of this plasma 
substitute was based upon the fact tliat 3 per cent tri- 
chloracetic acid precipitates onlj' the plasma proteins while 
tungstic acid removes both plasma protein and gelatin. 
The gelatin solution used for infusion contained 1.0 gram 
of prccipitable nitrogen per 3.5 grams of gelatin. Hence 
the term (non-protein nitrogen of the trichloracetic add 
filtrate — non-protein nitrogen of the tungstic add filtrate) 
5.5 provides an estimate of the gdatin levd of plasma. 
Urine was collected under “Klarol" - in separatory 

' Part of the results have been presented at a Meeting 
of the Physiological Society of Philadelphia on October 
15, 1946 (Am. J, Med. Sci., 1946, 212, 753). 

- A s-erj" light mineral oil manufactured by Sonnebom 
and Son. N. J. 


funnels * which were placed under metabolism cages. The 
funnds were drained for measurement and analysis of the 
urine at intervals of 12, 21, or 24 hours as required. An- 
alyses of total nitrogen, non-protein nitrogen,* urea ni- 
trogen, and ammonia nitrogen were carried out -n-ith the 
method of Sobd, Mayer, and Gottlieb (3). The differ- 
ence (non-protein nitrogen — [urea -f ammonia nitrogen] ) 
will be referred to as the undetermined urinary nitrogen. 

During the first 24 hours following scalding the rats 
received no food. Thereafter thej- were fed in separate 
cages for periods of 2 hours in the morning and 1 hour 
in the afternoon, a procedure recommended by Croft and 
Peters (4). Urine voided during the periods of feeding 
was absorbed in filter paper. The paper was then ex- 
tracted with N/50 sulfuric acid and an aliquot of the ex- 
tract analyzed for urea + ammonia nitrogen. The ni- 
trogen content’ and the volume of the 3-hour specimens 
were computed on the assumption that the nitrogen par- 
tition and the nitrogen concentration were identical tvith 
those of the corresponding 21-hour specimens of known 
volume and composition. 

The urine of rats contains normally a small amount of 
protein (5). Only during the first day or 2 following 
the bum, however, were the total nitrogen values of the 
samples distinctly above the non-protein nitrogen -i-alues. 
Hence, for collection periods other than the first 48 hours 
following bum, non-protein nitrogen analyses were often 
omitted and only the total nitrogen determined in addition 
to urea and ammonia nitrogen. 

The following agents were used in the transfusion ex- 
periments: (1) 0.85 per cent sodium chloride solution 
referred to thereafter as saline ; (2) 4 per cent gelatin solu- 
tion (fCnox P-20). In addition to 726 mgm. of nitrogen 
prccipitable with tungstic acid, 100 ml. of the gelatin 
solution contained 12.5 mgm. of tindctermined nitrogen. 
2.5 mgm. of amino nitrogen, 125 mgm. of ammonia ni- 
trogen and 0.63 mgm. of urea nitrogen, the latter prob- 

* In glass funnels filled srith a non-polar medium, such 
as mineral oil, natcr droplets stick rather tightly to the 
glass -walls and are only incompletely remo-rable me- 
chanically. Perfect drainage was obtained when, on the 
suggestion of Dr, K. C Blodgett of the General Electric 
Research Laboratory, the funnels were coated -with a 
water repelling surface film. We arc grateful to the 
Chemical Department of the General Electric Cempanj-, 
Schenectady, N. Y„ for a gift of DRI-FILM No. 9937. 

‘ The urines wi - deprotcinirefl trith turrgstic acid. 
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ably derived from arginin; ( 3 ) 5 per cent human albu- 
min solution containing 1.06 per cent of sodium chloride. 
This infusion fluid was prepared by adding 4 parts of 
saline to 1 part of a 25 per cent solution of normal human 
serum albumin (Lederle) containing 1.8 per cent of 
sodium chloride ; (4) plasma from citrated or heparinized 
rat blood. The curative effectiveness of both types of rat 
plasma was identical. Infusion intervals and volumes are 
given in the figures and tables. 

The standard for computing mortality rates was 10 days’ 
survival. The rates referred to in the following sections 
were obtained in separate experimental series which -will 
be discussed elsewhere (6). 

EXPERIMENTAL RESULTS 
Effect of fluid replacement on azotemia 

Figure 1 illustrates the effect of the intravenous 
infusion of saline on the non-protein nitrogen 
levels in the plasma of scalded rats. It is seen 
that a single infusion, when administered 2 hours 
after the burn in an amount corresponding to 2 
per cent of the body weight, failed to retard the 
increase of the plasma nitrogen. Repetition of 
the infusion at 5 hours after the burn prevented a 
further rise of the undetermined and the amino 
nitrogen fractions and reduced the mortality rate 
of the group to SO per cent. In the survivors ex- 
amined 24 hours after the bum, these 2 nitrogen 
fractions had returned to approximately normal 


level. When the saline infusion was increased to 
10 per cent of the body weight of the animal, ap- 
proximately normal levels were found as early as 
12 hours after the burn and all animals survived. 
It should be noted that the urea nitrogen levels 
fell much more slowly. Normal urea levels were 
not obtained until 48 hours after the scalding. 
This slow reduction in the presence of effective 
therapy is in keeping with our previous conclusion 
(1) that there is no definite correlation between 
the accumulation of urea in the plasma and the 
severity of the scald or the prognosis. 

For comparing the therapeutic action of plasma 
and colloidal plasma substitutes with that of saline, 
an arrangement was needed where saline therapy 
was only of limited value. For this purpose the 30 
per cent surface-35-second scald was chosen, which 
renders the animals less responsive to saline ther- 
apy than does the 45 per cent surface-l5-second 
scald. The volumes of the different agents ad- 
ministered corresponded to 4 per cent of the body 
weights of the animals, the maximum amount that 
could be given in the case of colloidal solution with- 
out leading to undesirable large increases of the 
circulating blood volume. Under these circum- 
stances tlie survival rate following saline therapy 
was 29 per cent. 


Post-burn N Level 
Pre-burn N Level 


900 


TOO 


500 ■ 


300 


t 


-Undetermined N- 




ll_|. 


-Amino N- 


Urea N ■ 


■ Un treated (L.lOO) 

^ daliha infused, 4+4 cc, at <? rs hrs (L-SO) 
0 Saline infused, 6+6+6 cc, at e.5*6hrs. (L.O) 


12 24 



1 1 

12 24 


Hours after scalding (4555.15" 90") 



Fig. 1. Effect of the Infusion of Varying Volumes of Saline on the 
Non-Protein Nitrogen Levels of Scalded Rats 
Forty-five per cent body surface, 90® C, IS seconds' scald. Pooled blood 
from 2 to 4 rats ^vas used for the individual determinations. The nitrogen 
levels are represented as percentages of the average levels in normal rats. 
The letter L denotes the average percentile lethality in the animal series. 
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Fig. 2. Amino Nitrogen and Undetermined Nitrogen Levels in the 
Plasma of Scalded Rats Following Different Types of Fluid Re- 
placement Therapy 

Scald ; 30 per cent body surface, 90° C., 33 seconds. The analyses were 
done upon plasma from individual rats. 

Note that in the diagram the units of time as marked on the abscissa are 
represented by the distances between the pairs of vertical lines instead of 
by points. Within the vertical columns thus formed the values for each of 
the 5 experimental groups are plotted at arbitrary, but constant, positions 
with reference to the abscissa. This arrangement prevents the overlapping 
of the 5 plots. The points of the curves show the group means for each 
inten-al of time. The light vertical lines through these points indicate the 
difference between the highest and the lowest individual analysis while the 
numerals refer to the number of rats examined. The encircled daggers des- 
ignate tlie analyses in an individual moribund rat following albumin treat- 
ment This value has been omitted from the general plot of the albumin 
group. 


A comparison of the plasma nitrogen values with 
tlie mortality rates (L) presented in Figures 2 
and 3 shows that the response of the undetermined 
nitrogen levels brought out most strikingly the 
differences in efficacy of tlie VTirious tv-pes of fluid 
replacement therapy. It is seen from Figure 2 


that albumin infusion, which yielded the lowest 
mortality rate, was most effective in permanently 
reducing the undetermined nitrogen levels. This 
is contrasted to the transient effect of gelatin in- 
fusion which did not produce a single cure. Nor- 
mal rat plasma and physiological saline solution 
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had an intermediary position with reference to 
the reduction of the undetermined nitrogen levels 
and to the lowering of the mortality rates. 

The amino nitrogen levels, which are also given 
in Figure 2, showed trends similar to those of the 
undetermined nitrogen levels. The differences be- 
tween the treated and untreated groups were, how- 
ever, less pronounced. Only following albumin 
treatment were the group means significantly be- 
low those of the controls during the entire ex- 
perimental period. Plasma infusion resulted in 
statistically significant reductions at the 8- and 12- 
hour post-burn interval while the reduction follow- 
ing saline treatment became significant not be- 
fore 12 hours following the scalding. Gelatin in- 
fusion failed to produce significant reductions at 
any interval of time. The urea nitrogen levels 
(Figure 3) were not significantly different in the 
5 experimental groups under comparison. 

Inspection of the data presented in Table I re- 
veals the following details regarding the undeter- 
mined nitrogen levels. Six hours after the bum, 
i.e., 1 hour after the final infusion, the levels in all 
treated groups were significantly lower than they 
had been 4 hours after the bum in the untreated 
controls. Albumin and gelatin appeared to be 
slightly more effective than physiological saline 


• UNTREflTEO <L.100l 



Fig. 3. Urea Nitrogen Levels in the Plasma of 
Scalded Rats Following Different Types of Fluid 
Replacement Therapy 

Experimental and diagrammatic arrangements and ab- 
breviations are explained in the legend to Figure 2. Only 
in the untreated control series have the group means for 
each inters’al of time been connected by a curve. None 
of the group means in the treated series differed signiff- 
cantly from the corresponding control mean. 


table I 


The effect of fluid therapy on the imdctcrmincd 
nitrogen levels 


Group 

Time 

after 

burn 

No. 

of 

rats 

n 

Undetermined 
nitrogen mean 
values 

Cliangc of undetermined 
nitrogen due to 
tlierapy 

£ 

Si* 

Ai 


Ft 


hrK 


msm. 








per cent 





Untreated 

4 

4 

31.9 

±1.59 




Gelatin 

6 

4 

18.S 

±1.90 

-13.5 

±2.50 

<0.01 

Plasma 

6 

4 

23.7 

±2.44 

- 8.2 

±2.95 

<0.05 

Saline 

6 

4 

22.5 

±2.34 

- 9.5 

±2.86 

<0.02 

Albumin 

6 

4 

14.9 

±2.00 

-17.0 

±2.75 

<0.01 

Untreated 

8 1 

S 

36.4 

±0.91 




Gelatin 

8 

5 

38.2 

±7.60 

+ 1.8 

±7.66 

>0.05 

Plasma 

8 

4 

27.7 

±5.10 

- 8.7 

±5.19 

>0.10 

Saline 

8 

4 

22.9 

±2.64 

-13.5 

±2.80 

<0.01 

Albumin 

8 

4 

13.1 

±1.28 

-23.3 

±1.28 

<0.01 

Untreated 

12 

3 

30.0 

±0.55 




Plasma 

12 

2 

22.0 

1 ±0.14 

- 8.0 

±0.57 

<0.01 

Saline 

12 

S 

15.2 

1 ±2.49 

-14.8 

±2.55 

<0.01 

Albumin 

12 

4 

14.0 

±1.03 

-16.0 

±1.17 

<0.01 


t SUdb = V (StCu)- {S£t)^ where Siu and Sit designate 
the standard errors of the means of the untreated and 
treated groups, respectively. 

{ p =! probability of to have arisen by chance. The P 
values are taken from Fisher’s (7) table of /. 

solution and plasma. During the following 2 
hours, however, marked differences developed 
among the 4 groups of infused animals. While 
the group means for the albumin and saline series 
remained significantly below that of the un- 
treated controls, the difference between gelatin- 
treated and untreated animals disappeared and 
the difference between the plasma group and the 
controls became statistically insignificant. While 
the mean for the albumin group was significantly 
below that of any other treated group, the differ- 
ences among the 3 other groups were not statisti- 
cally significant due to the large range of variation 
'of the individual values. The large scatter range 
in the saline, plasma and gelatin groups can be 
most readily seen from Figure 2. Since burned 
rats in extremis always exhibited greatly increased 
undetermined nitrogen levels, heterogeneity of the 
group can be considered as an indication that in 
several individuals the beneficial effect of the 
transfusion had already disappeared and that 
death was near, although the apparent conditions 
of most of the treated animals was fair to good 
at the 8-hour interval of time. During the follow- 
ing 4 hours, however, 70 per cent of the gelatin 
group, 36 per cent of the plasma group, 20 per 
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cent of the saline group, and 10 per cent of the 
albumin group died. 

It should be noted that, from the standpoint of 
alterations from the normal, none of the thera- 
peutic measures can be designated as adequate for 
the treatment of this particularly severe bum ; for, 
contrary to the 100 per cent successful saline 
therapy illustrated in Figure 1, all types of fluid 
therapy failed to reduce to normal the increased 
undetermined nitrogen levels within a period of 
12 hours. 

Azotemia and hemoconcentration 

Figure 4 serves to demonstrate that gelatin, 
plasma ,and albumin were about equally effective 
in relieving the hemoconcentration of bum shock 
and in maintaining the restored plasma volume. 
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Saline therapy resulted in a temporary hemodilu- 
tion and hypoproteinemia which disappeared within 
3 hours of the last infusion. This was followed 
spontaneously by a second period of hemodilution 
with constant plasma protein levels. It is obvious 
that the effects of these agents upon hemoconcen- 
tration do not throw light upon the reasons for 
their different therapeutic efficacy. Nor can hemo- 
dilution per se be considered as the essential me- 
chanism in the reduction of the increased undeter- 
mined and amino nitrogen levels. 

The effect oj fluid replacement therapy on -cuater 
and nitrogen excretion 

Table II provides information on urinary ni- 
trogen and water excretion and fluid intake of 
normal rats during 5 days of feeding and 1 day of 



Fig. 4. Chakciis of Plasma Volumf axd Pu^sm.a Pf.oteix Levels 
IX Scalded Rats Following Diffebekt Tites of Fluid Replacement 
Therapy 

Diagrammatic arrangement as in Figure 2. Hematocrit readings were 
done upon tail blood- If I is the hematocrit value (expressed as percent- 
age) before the scalding and F the hematocrit reading at the time the ani- 
mal was sacrificed, then the percentile change (dF) of the plasma volume is 

r(100-F)-(100-/ni00 / 

100-/ VlOO-/./ 
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TABLE II 

Daily food and water intake, nitrogen excretion, and urine volume prior to the scald 

Nutritional state 


Rat no. ► 

1 . 

F.'ist** 

1 

2 

3 

4 

1 

2 

3 

4 

a. 

Body weight — grams 

181.0 

196.0 

190.5 

204.0 

172.0 

180.0 

174.0 

186.0 

b. 

Food intake — grams 

15.6 

13.1 

14.2 

13.8 

0 

0 

0 

0 

c. 

Urea -f- NHs N — mgrn. 


236.0 

243.0 

249.0 

101.0 

119.0 

115.0 

134.0 


(c/total N) 100 — per cent 

91.0 

89.5 

90.0 

90.0 

83.0 

84.0 

82.5 

84.5 

d. 

Exogenous N = c fed-c fastf — mgm. 

113.0 

117.0 

128.0 

115.0 



j 



(d/c fed) 100 — per cent 

53.0 

49.5 

52.5 

46.5 






d/b — mgm. per gram 

7.3 

9.0 

9.1 

8.4 





e. 

Undetermined N = Total N — c — mgm. 

20.0 

28.0 

27.0 

27.0 

20.0 

23.0 

24.0 

25.0 


(e fast/e fed) 100 — per cent 





100.0 

82.0 

89.0 

92.5 

f. 

Water intake — ml. 

17.4 

22.5 1 

23.4 

28.8 

1.0 

1.0 

1.0 

5.0 

g- 

Urine volumef — ml. 

7.2 

9.4 

7.0 

10.4 

6.4 

10.2 

i 8.6 

11.6 


* The data are averages for 5 experimental days, 2 before and 3 after the day of fast. The rats were scalded on the 
fourth day after the fast. Post-burn data are presented in Figure 5._ 

** Water was'withheld for 12 hours in the daytime in order to simulate the post-bum conditions, 
t This term should be considered as only a minimal estimate of the exogenous nitrogen because part of the nitrogen 
excreted during a single day of fast will still be of exogenous origin. Exposure of the rats to longer periods of starvation 
was not attempted as it would probably have altered their resistance to the scald. 
t In general, approximately f of the urine was excreted during the night hours. 


fast. Fasting reduced the output of urea + am- 
monia by approximately 50 per cent while the ex- 
cretion of undetermined nitrogen and of water 
was not affected by the nutritional state of the 
animal. The urea -f- ammonia excretion during 
the period of feeding showed the smallest indi- 
vidual variations and the water intake and output 
the largest. 

The experiments upon scalded rats listed in 
Table III concern the response of urinary excre- 
tion to saline therapy corresponding to 10 per cent 
of the animal’s body weight. Data are presented 
on 2 successive 12-hour periods following the 
scalding and on 2 types of fatal burn in which the 
treatment leads to 100 per cent recovery of the 
animals. It is seen from Table III that in un- 
treated rats, water excretion and, especially urea 
elimination, virtually ceased. Following the in- 
fusion of physiological saline solution the urinary 
volumes during the first 12 post-burn hours were 
of a similar order of magnitude as in normal rats 
during a 12-hour period in the daytime. Abnor- 
mal chemical findings in the urines consisted of 
hemoglobin and low ratios of urea nitrogen to 
total non-protein nitrogen. The ratio of am- 
monia nitrogen to non-protein nitrogen, which 
is not recorded in the table, remained essentially 
normal (about 6 per cent). During the sec- 


ond 12 hours after the ‘bum, when the animals 
had access to water, large volumes of urine with 
a normal nitrogen distribution were excreted. 
As in fasting normal animals, considerable in- 
dividual variations were encountered with ref- 
erence to the quantities of water and nitrogen 
excreted during the 2 12-hour periods. On the 
average, the amount of urea + ammonia nitrogen 
(142 dr 8.2 mgm.) excreted during the first 24 
post-burn hours by the group of 6 rats reported in 
Table II was slightly above the corresponding 
mean (117 dr 6.5 mgm.) for fasted normal rats. 
The mean value for the undetermined nitrogen 
(30.1 dr 3.1 mgm.) was also higher than that 
(23 dr 1.08 mgm.) for the unburned controls, but 
this difference was not statistically significant. 

Table IV shows the effects of 2 inadequate types 
of fluid therapy upon the urinary excretion of rats 
subjected to a 30 per cent surface-35-second scald. 
As mentioned before, in this type of 100 per cent 
lethal burn saline infusion corresponding to 4 per 
cent of the animal’s body weight yielded only 29 
per cent survival while the infusion of gelatin had 
no curative value. The saline-treated animals of 
the experimental series presented in Table IV 
were in good clinical condition when sacrificed 12 
hours after the bum, whereas the gelatin-treated 
rats were moribund at the time of blood collec- 
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TABLE in 


Urine volume, nitrogen excretion, and plasma nitrogen levels in saline-treated scalded rats 





1 

Non-protein nitrogen 

Animals 

Interval 

after 

bum 

Fluid 

intake 

Urine 

volume 

In urine volume excreted 

Per 100 ml. of plasma* 




Urea 
+NHi K 

Undeter- 
mined N** 

Urea-5-NH. N 
Total NPN 

Urea N ; 

1 

NH- N 

Undeter- 
mined X** 


krs. 

mL 

mU 

mfm. 

Tr.sm. 

1 

per cerj 

mgm. 

Per uni \ 

1 

mgm. 
per ur.l 

mgrn. 
per ctr.i 


Scald; 45 per cent surface, 90° C., 15 seconds 


Mean — 4 Ratsf 

12 

0 

0.1 







Rat number 1 

12 

20.41 

2.4 

21.4 

17.5 

55.0 

54.3 

11,1 

3.8 

Rat number 2 

12 

19.9t 

1.5 

16.3 

18.1 

47.5 




Rat number 2 

12-24 

27.0 

7.0 

94.7 

8.9 

91.5 

32.6 

7.8 

3.3 

Mean — 6 Rats 

12 

19.8 

2.0 

19.3 

15.2 

55.0 





12-24 

35.0 

18.0 

121.9 

15.4 

88.5 


I 

1 



Scald; 35 per cent surface, 90° C., 25 seconds 


Mean — 4 Ratsf § 

12 

0 

0.2 



30.5f: 

89.2§ 

25.4§ 

25.6§ 

Rat number 3 

12 

19.0f 

3.6 

71.6 

29.1 

59.5 

54.3 

9.1 

5.5 

Rat number 4 

12 

22.0t 

4.3 

43.4 

21.0 

49.5 

53.8 

9.1 

6.5 

Rat number 5 

12 

19.0t 

2.5 

62.0 

16.4 

73.5 




• Rat number 5 

12-24 

33.0 

31.0 

99.1 

3.8 

96.0 

13.2 

6.2 

1.4 


* At the end of the period given in column 3. 

. ** Undetermined nitrogen in urine = non-protein nitrogen — (urea nitrogen -{- ammonia nitrogen). Undetermined 

nitrogen in plasma = non-protein nitrogen — (urea nitrogen -J- amino nitrogen), 
t Rats kept in single metabolic cage. 

t Volume of intravenous saline infusion corresponding to 10 per cent of the animal’s body weight. Forty per cent 
4?.^ volume were given 2 hours post-bum, the remaining 60 per cent in equal doses 5 and 8 hours post-bum. 

§ Three rats died 8 to 9 hours after the scald. The survivor was used for plasma analysis. 

u Nineteen per cent urea nitrogen and 11 per cent ammonia nitrogen. The non-protein nitrogen concentration was 
1.2 grams per 100 ml. of urine. 


tion, behveen 7.5 and 10.5 hours after the bum. 
Yet the urine volumes of the gelatin-treated rats 
were within the range previously obtained with 
corresponding periods of time in scalded rats 
which received an adequate saline therapy. There 
was only one statistically significant difference in 
the urinarj' excretion following gelatin treatment. 
The concentration of urea -f ammonia nitrogen 
averaged 0.41 dr 0.05 gram per 100 ml. of urine 
as contrasted to an average concentration of 0.96 dr 
0.10 gram in the urine of 11 saline-treated rats 
during the first 12 hours following the scalding. 
This suggests tlie possibilitj- that tlie concentration 
ability of tlie kidney was impaired in tlie gelatin- 
treated rats. 

Figure 5 serves to illustrate tlie nitrogen ex- 
cretion of salinc-trcatcd rats over longer post- 
bum periods. The same Upe of scald as in the 
last experimental series ^vas used, but the in- 


fusion was increased to 10 per cent of the animal’s 
body weight with the result that, on the average, 
86 per cent of the rats survived. In the graph all 
quantities are represented as percentages of the 
corresponding pre-bum values for die fed state 
which are recorded in Table II. Note that the 
exogenous urea -h ammonia nitrogen excretion is 
a measure of the food intake of the animal during 
the post-bum period; 

d post-burn = b post-bum X (d/b) pre-burn 

where, as in Tabic II, d and b designate ‘'e.xo- 
genous” nitrogen and food intake, respectively. 
The quantitj- recorded in Figure 5 is the ratio:' 

(d post-bum/c fed pre-bum) X 103 

c being the total daily excretion of urea -r am- 
monia nitrogen. Prior to the burning, the ratio 
(d/efed) X 100 approximated 50 per cent. Hc:;ct 
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TABLE IV 

Urimry water and nitrogen excretion in scalded rats infused with saline or gelatin 
Scald : 30 per cent body surface, 90® C., 35 seconds 


No. 

Interval 
! after burn 

i 

1 Urine 

volume 

Non-protein nitrogen 

I Amount excreted in urine volume 1 

Plasma concentration 

Undeter- 
mined N 

Urca-fNHiN 

Urea-fNHiN 
Total NPN 

Undeter- 
mined N 

NHtN 

UreaN 


hrs. 

ml. 

1 

mgm. 

1 

mgm. 

1 

per cent 

mgm. Per cent 

Knox P-20 gelatin solution — 4 per cent* 

I 

7.5 

1.6 

8.5 

5.7 

40 

50.9 

24.9 

— 

2 

9.1 

1.5 

9.5 

4.4 

31 

48.3 

22.0 


3 

9.2 

1.2 

8.1 

5.8 

1 42 




4 

10.6 

3.1 

22.5 

15.2 

41 

45.8 

20.8 

75.9 


Physiological saline solution* 


5 

12.0 

2.9 

24.8 

23.6 

49 

24.2 

9.8 

93.0 

6 

12.0 

3.5 

26.9 

39.2 

1 

1 

59 

11.9 

8.0 

80.1 


* Infused intravenously at 2 and 5 hours after the scalding. The volume of each infusion (approximately 4.0 ml.) 
corresponded to 2 per cent of the body weights which ranged from 201 to 215 grams. The total volume (8.0 ml.) infused 
was approximately equal to the normal plasma volume of the rat. 


in Figure 5, the 50 per cent level of the exogenous 
urea + ammonia nitrogen designates normal food 
intake. 

Rat No. 4 of Table II died 10 hours after the 
burn in spite of the saline treatment. No urine 
was excreted, and the plasma nitrogen levels were 
as high as in the untreated controls. In rats Nos. 
2 and 3 the excretion of urea + ammonia nitrogen 
showed the usual initial drop to the pre-burn 
fasting level. On the second post-burn day the ex- 
cretion reached the pre-burn range for fed ani- 
mals even though food consumption was still 
minimal. With the resumption of normal food 
intake (50 per cent level of “exogenous” nitrogen 
in Figure 5) on the fifth post-burn day, the urea 4- 
ammonia nitrogen excretion increased to about 
20 per cent above tlie pre-bum average. It re- 
turned to normal the tenth day after tlie scalding. 
Rat No. 1 excreted during the first 24 post-burn 
hours 60 per cent less urea 4- ammonia nitrogen 
tlran during the pre-bum day of fast although the 
urine volume (13.0 ml.) was as high as in rat 
No. 3 (11.5 ml.).“ The nitrogen excretion did 

® During the entire post-burn period the average daily 
urine output of the rats remained 2 to 3 times as high 
and the average fluid intake double as high as before the 


not reach the pre-burn level for fed animals be- 
fore the third day. Food intake remained mini- 
mal, and the animal died on the fifth post-bum 
day." 

In the rats Nos. 1 to 3 the daily excretion of 
undetermined nitrogen averaged 37.0, 33.0, and 
42.0 mgm., respectively, during the first 4 post- 
burn days, i.e., it was 83, 45, and 74 per cent above 
the fasting level and 83, 19, and 54 per cent above 
the average level in the fed state. The absolute 
quantities of undetermined nitrogen excreted were 
.small in comparison with the total amount of 
urinary non-protein nitrogen. This is in keeping 
with the statement of Clark, Peters and Rossiter 

scalding. In contrast to tlie fairly constant rates of ni- 
trogen excretion the daily fluctuations of the fluid ex- 
change were extremely large. This phenomenon has to 
be re-examined since tlie possibility could not be excluded 
with certainty that the rats, whose movements were some- 
what impaired owing to scar contractions, spilled drink- 
ing water into the collecting funnels. 

® Because of the sudden death of this animal no blood 
for plasma analysis was secured. In rat No 2 which was 
sacrificed at the height of the urinary nitrogen excretion, 
as well as in rat No. 3 which was analyzed after the re- 
turn of the nitrogen excretion to the pre-burn range, the 
non-protein nitrogen levels of the plasma were essentially 
normal. 
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TosVium Values 



% 

120 -p 
100 - 1 - 


Body weight 


80- 






1 2 3 4 5 6 7 ' 8‘910 1112 

Bcicjs after scaldiiig (so% ,35",90°C) 


Fig. S. Daily Nitrogen Excretion and Weight 
Changes in Rats Recovering from Burn as a Result 
or Saline Therapy 

Scald: 30 per cent body surface, 90° C., 35 seconds. 
The volume of saline infused corresponded to 10 per cent 
of the animal’s body weight Infusion intervals as in 
Table III and Figure 1. In the graph all quantities are 
represented as percentages of the corresponding pre- 
bum values for the fed state (see Table II) . Each curve 
shows the serial number of the rat to which it refers. 
Encircled numbers designate the last analysis prior to 
death or sacrifice of the animal. 


(8) that thermal injury in the rat fails to pro- 
duce the large excretion of undetermined nitrogen 
which has been reported (9, 10) to occur fre- 
quently in the burned human patients. It seems 
possible, however, that the time-course of the ex- 
cretion may have some prognostic significance as 
rat No. 3, which recovered most rapidly from the 
scalding, showed the greatest initial rate of elimi- 
nation of this nitrogen fraction. 

COMMENT 

It has been previously pointed out by us (1) 
that the accumulation of undetermined and amino 
nitrogen in the plasma of rats following scalding 
is probably the consequence of the thermal de- 
struction of cells as well as of the post-bum shock. 
The latter leads to tissue h 3 'poxia, increased ni- 
trogen catabolism in peripheral tissues, decreased 
amino add oxidation in the liver, and cessation 
of urinaiy excretion. It should be expected that 
tlic curative efncacj' of a given tj-pe of fluid re- 
placement therapy would be attested bv* the re- 


lief of any one of the 3 criteria of bum shock here 
examined: the anuria, the hemoconcentration, or 
the aaotemia. While ' curatively effective types 
of fluid therapy always initiated the flow of urine 
and relieved hemoconcentration, curatively in- 
effective agents, such as gelatin infusion, were not 
inferior in this regard. They were, however, 
clearly distinguished from the effective types by 
the fact that they produced, in all or many animals, 
only a temporary reduction of the increased plasma 
levels of the undetermined and amino nitrogen. 
It seems possible that the renewed rise of the 
levels of these nitrogen fractions was the mani- 
festation of a returning tissue anoxia, caused by a 
diminution of the actively circulating rather than 
of the total blood volume. Recent studies of 
Prinzmetal, Bergman, and Kruger (11) support 
the view that the shock following bums is char- 
acterized by a pronounced diminution of the cir- 
culating blood volume due to an atony of visceral 
blood capillaries. 


SUMMARY 

The effect of various types of fluid replacement 
therapy on the partition of the non-protein ni- 
trogen of plasma and on the urinary water and ni- 
trogen excretion was studied in rats subjected 
to standardized scalds of known lethality*. The 
agents under comparison were physiological sa- 
line solution, gelatin solution, human albumin solu- 
tion, and rat plasma. The following results have 
been obtained: 

1. The degree of permanent reduction of the in- 
creased amino nitrogen and, especiall}', of the un- 
determined nitrogen levels of plasma provides a 
useful triterion of the efficaej' of the treatment, 
whereas the reduction of the urea nitrogen is too 
slow and too irregular to be of use for this pur- 
pose. 

2. The rates of urinaiy water and nitrogen ex- 
cretion do not furnish a reliable index of cura- 
tive efficac}-. Complete failure of promoting the 
flow of urine proves, however, ineftidenc}' of tlic 
treatment. 

3. The effectiveness of fluid replacement therap;.' 
in permanently redudng tlie clc^mtcd undeter- 
mined nitrogen levds is not dearh- related to the 
rdief of hemoconcentration. It is suggested that 
a renewed rise of the undetermined plasma ni- 
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trogen kvels in spite of nearly normal hematocrit 
values is an indication of a returning tissue anoxia 
due to a diminution of the actively circulating 
rather than of the total blood volume. 
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INTRODUCTION 

A marked clinical improvement in critically ill 
human subjects after the intravenous administra- 
tion of oxygen has been reported by a number of 
investigators (1 to 5) despite the fact that only 
about 1.5 to 10 per cent of the calculated basal oxy- 
gen requirement was injected. However, in nor- 
mal and in anoxemic experimental animals, other 
workers (6 to 10) have obsen^ed not only rapid, 
shallow breathing but also decreased rather than 
increased oxygen content of the arterial blood fol- 
lowing the intravenous injection of oxygen at 
rates of 0.21 to 2.3 ml. per kgm. per minutei The 
paradoxical anoxemia has been attributed to inter- 
ference ivith the pulmonic oxygenation of the 
blood by the formation of multiple oxj'gen emboli 
in the pulmonary capillaries (7) . The accompany- 
ing respiratory changes, which are abolished by 
bilateral vagotomy, have been considered (10) as 
similar to the tachypnea observed in dogs after the 
production of pulmonary capillary emboli by the 
intravenous injection of starch granules (11). 

Recently, in seeking a simple and effective 
means of extra-pulmonic oxygenation for sup- 
portive treatment in severe, acute pulmonary 
edema, we became interested in the possibilities of 
intravenous oxygen administration, and particu- 
larly in the cause and prevention of the hypothe- 
sized emboli resulting from this procedure. From 
theoretical considerations, it became apparent that, 
since the nitrogen tension of the blood and tissues 
normally is high (573 mm.), gaseous nitrogen 
present in the blood must enter intravenously in- 
jected oxygen bubbles, as in a tonometer. Con- 
sequently, if all the oxygen injected were absorbed 
by the reduced venous hemoglobin before the blood 
reached the right heart, residual nitrogen bubbles 
would remain to obstruct the pulmonary capil- 
laries. In recent v-ears, the analogous role of dis- 
solved nitrogen in the bubble formation of de- 
compression sickness and aero-embolism has been 


demonstrated and the value of prophylactic de- 
nitrogenation by inhalation of 99.6 per cent.oj^- 
gen has been well established (12 to 18). To 
explore the interrelationship between nitrogen ten- 
sion and intravascular bubble formation and the 
anoxemia following intravenously administered 
oxygen, in the present experiments, comparisons 
were made between the effects of oxj'gen ad- 
ministered intravenousl}' to anesthetized dogs 
without prior denitrogenation and after the ni- 
trogen saturation of the blood and tissues w'as re- 
duced by continuous intratracheal exposure to 
99.6 per cent oxygen before and during the intra- 
venous administration of oxygen. 

EXPERIMENTAL 

Twenty-six healthy, normal, adult, mongrel dogs 
weighing from 7.7 to 34.1 kgm. were anesthetized by the 
intravenous injection of approximately 25 mgm. of sodium 
pentobarbital per kgm. body weight A glass, L-shaped 
cannula was inserted into the e.xposed trachea and tied in 
place with heavy, silk ligatures. The femoral artery and 
vein were exposed bilaterally for blood sampling and for 
intravenous oxygen administration. The state of anes- 
thesia was maintained by additional pentobarbital injec- 
tions as required. 

Denitrogenation was accomplished by continuous ad- 
ministration for 3 to 4 hours of dry 99.6 per cent com- 
mercial oxygen, or occasionally 95 per cent oxygen-5 per 
cent carbon dioxide, supplied to the animals on demand 
at low pressures and without re-breathing by means of 
an Army Air Force, low resistance, A-16 valve, attached 
to the tracheal cannula by rubber connections as described 
previously (19). In 3 experiments with very large dogs, 
the reducing valve leading to the demand valve offered 
too much resistance at peak inspiratorj- flows. There- 
fore, oxygen was supplied from a Douglas-Haldane bag, 
with the oxygen removed being continuously replaces! 
from a tank connected to the bag. 

The intravenously administered oxygen was bubbled 
through water and, then, continuously injected into the 
femoral veins through two L-inch, 27-gauge needles. 
The rate of the injection was measured by a calibraterl. 
capillary orifice fiowmeter interposed between the -water 
bottle and the rubber tube leading to the needles. Re- 
spiratory rates w-erc ob'er.-ed before, during, and after 

17 
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intravenous oxygen administration. Additional details 
of experimental procedure are given below. 

By direct femoral arterial or venous puncture, blood 
samples were collected in heparinized, air-free syringes, 
which were immediately sealed with mercury, and stored 
at 0° C. Determinations of nitrogen content and oxygen 
content and capacity were performed in duplicate gener- 
ally by the Edwards-Roughton-Scholander techniques 
(20, 21). Occasionally, additional checks were made by 
the usual Van Slyke manometric method (22). In some 
experiments, nitrogen contents were determined by a 
shorter manometric method recently described by Horvath 
and Roughton (23). 

In an effort to avoid the pulmonary passive congestion 
and edema which Drinker (24) has observed in anes- 
thetized dogs after prolonged immobilization, the animals, 
which were restrained in a supine position when blood 
samples were drawn or intravenous oxygen was admin- 
istered, were moved frequently during the experiment. 


Despite this precaution, however, on autopsy many ex- 
hibited some congestion. 

Until the day of the experiment, diets consisting of fox 
chow, milk, horse meat, and water ad libitum were per- 
mitted, 

RESULTS 

1. The effect oj intravenous oxygen administration 
on the arterial oxygen content oj denitrogenated 
dogs 

An initial series of experiments confirmed the 
observations of others (6 to 10) that oxygen ad- 
ministered intravenously to anesthetized dogs at 
rates as low as 1 ml. per kgm. per minute (12 to 
30 per cent of the basal oxygen requirement) rap- 
idly produced marked increases in respiratory 
rates and, often, greater than 25 per cent decreases 



Fig. 1. Arterial Oxygen Saturation and Venous Nitrogen Content in a 12.2 Kgm. 
Anesthetized Dog Before and After Intravenous Injection of Oxygen During and Fol- 
lowing Denitrogenation by Continuous Intratracheal Administration of 99.6 Per 
Cent Oxygen 

Intravenous oxygen was injected at a rate corresponding to 21.9 per cent of the calculated 
basal requirement 
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Fig. 2. Arterial Oxygen Saturation and Venous Nitrogen Content in a 21.4 Kcxi. 
Anesthetized Dog Before and After Intravenous Injection of Oxygen During and Fol- 
lowing Denitrogenation by Continuous Intratracheal Administration of 99.6 Per. 
Cent Oxygen 

Intravenous oxygen was injected at a rate corresponding to 24.3 per cent of the calculated 
basal requirement. 


in arterial oxygen content. A second series of 
experiments revealed that intravenously injecting 
1 ml. of oxygen per kgm. per minute for 20-minute 
periods in tracheotomized, anesthetized dogs which 

TABLE I 

Pertinent data indicating changes in arterial oxygen con- 
tent Jollcxing the intravenous injection of oxygen for ZO 
minutes in tracheotomized, anesthetized dogs, denitrogenated 
by continuous exposure to 99.6 per cent oxygen for 3 to 4 hours 


Doc 

no. 

Ot Injected 
Expressed as 
per cent of 
basal require- 
meal 

Venous Kj 
content at 
lime of 
injection 

1 of Oi 

Arterial Oj content 

Before 

injection 

1 of Oj 

After 
injection 
of Oj 


t<T ce%t 

1 roJuTV fer 


1 

12.5 

0.19 

19.6 

15.0 

2 

16.9 


19.9 

20.8 


17.3 


17.5 

18.4 

3 

22.0 

o.is 

19.6 

18.0 

4 

33.1 

0.27 

21.0 

16.0 


had been denitrogenated for from 3 to 4 hours, as 
described above, by exposure to 99.6 per cent oxj'- 
gen usually produced falls in arterial oxygen con- 
tent, frequently of the magnitude of 5 volumes per 
cent, although occasionally there occurred slight 
increases. Table I gives the pertinent data for 4 
representative experiments in which venous ni- 
trogen content was reduced to 0.18 to 0.27 volumes 
per cent before oxygen (12.5 to 33.1 per cent of 
the basal requirement) was administered intra- 
venously. 

2. Effect oj i'ntravcnoits oxygen on the arterial oxy- 
gen saturation in dogs bcjorc and after denitro- 
genation by exposure to 99 j6 per cent oxygen 

Binger, Brow, and Branch (11) found that in- 
halation of 90 per cent oxygen abolished the anox- 
emia observed in dogs after the production of 
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multiple pulmonary capillary emboli by intra- 
venous injection of starch suspensions. Therefore, 
the less marked fall in arterial oxygen content of 
the denitrogenated dogs following the injection of 
intravenous oxygen may have resulted not from 
the prophylactic denitrogenation but from thera- 
peutic effects of the 99.6 per cent oxygen by means 
of which denitrogenation was achieved and main- 
tained. Consequently, the following experiments 
were performed to determine whether the simul- 
taneous administration of 99.6 per cent oxygen in- 
tratracheally without “complete” denitrogenation 
would also prevent the development of the anox- 
emia. 


Figures 1 to 4 graphically illustrate 4 representa- 
tive experiments in which intravenous oxygen was 
administered at rates of 1.03 to 1.09 ml. per kgm. 
per minute to anesthetized dogs for three 15-min- 
ute periods as follows : ( Z ) two minutes after the 
start of the intratracheal exposure to 99.6 per cent 
oxygen and, therefore, presumably before deni- 
trogenation was complete; (2) after 4 hours of 
intratracheal oxygenation to achieve marked deni- 
trogenation; and ( 3 ) if the animal survived the 2 
earlier injections, approximately 30 to 60 minutes 
after discontinuing the intratracheal oxygen to 
permit the animals to become renitrogenated by 
breathing air. 


INTRAVENOUS OXYGEN t.03 CC/KCM/MlN. 



Fig. 3. Astemal Oxygen Saturation and Venous Nitrogen Content in a 21.4 Kgm. 
Anesthetized Dog Before and After Intravenous Injection of Oxygen During and Fol- 
lowing Denitrogenation by Continuous Intratracheal Administration of 99.6 Per 
Cent Oxygen 

Intravenous oxygen was injected at a rate coresponding to 23.4 per cent of the calculated 
basal requirement. 
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Fig. 4. Arterial Oxygen Saturation and Venous Nitrogen Content in a 7.7 Kgji. 
Anesthetized Dog Before and After Intravenous Injection of Oxygen During and Fol- 
L01VTNC Denitrogenation by Continuous Intratracheal Adhinisiration of 99.6 Per 
Cent Oxygen 

Intravenous oxygen was injected at a rate corresponding to 15.2 per cent of the calculated 
basal requirement. 


In 2 of the animals (Figures 1, 3) administra- 
tion of intravenous ox)-gen 2 minutes after the 
start of intratracheal oxj-gen resulted in increases 
in ox 3 ’gen saturation of the arterial blood. How- 
ever, in botli of tliese animals, the venous nitrogen 
content b}' the end of the 15 -minute injection pe- 
riod had fallen to values of 0.36 volume per cent 
and 0.26 volume per cent respective!)'. During the 
first period of intravenous oxygenation in the 
other 2 animals, there was a fall in the arterial ox)-- 
gen saturation, and the decrease in venous ni- 
trogen content was not so marked ; i.c., it fell from 
0.89 and 0.S7 volume per cent to 0.43 and 0.50 
volume per cent, respectively (cf. Figures 2 and 
4). Similarly, when the intravenous oxygen in- 


jections were repeated after more complete deni- 
trogenation, in 2 of the 4 animals, there was a rise 
(Figures 1, 2), whereas in the other 2 there was 
a fall (Figures 3, 4) in arterial oxygen saturation 
although the nitrogen contents of the venous blood 
at the start of the injection periods were 0.21, 0.23, 
0.09, and 0.15 volume per cent, respectively. Thus, 
in these experiments, there was no direct rela- 
tionship between tlie nitrogen content of the venous 
blood and the response to intravenous o.xygenation. 
However, the final intravenous injections of oxy- 
gen at the same rate, when the dogs were more 
completely nitrogenated and were breathing not 
oxygen but air, produced rapid, marked drops in 
arterial oxygen saturation in 3 of the animals and 
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a moderate drop in the fourth, with death in 3 3. Effect oj intravenously injected air on oxygen 

occurring within a few minutes after the cessation saturation in dogs 

of the injection (Figures 1 to 4) . In all instances, There was no significant difference in the re^ 
the injection of oxygen resulted in a sharp rise in sponse to intravenous oxygen oj dogs when either 
respiratory rate, the increases being, respectively, more completely denitrogenated or only partially 
from 24 to 120, 40 to 70, 19 to 116, and 26 to 60. denitrogenated by exposure to intratracheal oxy- 
It will be noted that the least renitrogenation and gen for 2 minutes before and during the 15-minute 
greatest fall in arterial oxygen saturation occurred period of injection. As a result, it was not clear 
in the dog represented by Figure 4. This animal, whether the lesser drop or slight rise in arterial 
at autopsy, showed appreciable congestion of the oxygen saturation following intravenous oxygen 
lungs. injection in both the partially and more completely 
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Fig. S. Arterial Oxygen Saturation and Venous Nitrogen Content in a 19.1 Kgm. 
Anesthetized Dog Before and After the Intravenous Injection of Air During and Fol- 
lowing Denitrogenation by Continuous Intratracheal Administration of 99.6 Per 
Cent Oxygen 
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INTRATRACHEAL OXYGEN 



Fig. 6. Arterial Oxygen Saturation and Venous Nitrogen Content in a 33.9 Kcu. 
Anesthetized Doc Before and After the Intravenous Injection of Air During and Fol- 
lowing Denitrogenation by Continuous Intratracheal Administration of 99.6 Per 
Cent Oxygen 


denitrogenated dogs was a consequence of the 
beneficial effects of the prophylactic denitrogena- 
tion or of hj'perventilation in the presence of the 
high intratracheal oxygen concentration. If the 
less severe reactions to intravenous oxygen re- 
sulted tnereh’ from hj’perventilation due to bubble 
formation in the pulmonaiy capillaries of animals 
which were breathing high concentrations of oxj'- 
gen, similar results should be obtained if tlie hy- 
perventilation were produced by injection of an 
inert gas — even nitrogen itself — at comparable 
rates. Therefore, the previous experiment was re- 


peated in a series of dogs in which air rather than 
oxygen was injected intravenously. 

Figures 5 to 7 illustrate tv-pical experiments in 
which air was injected intravenously at rates of 
0.73, 0.92, and 1.16 ml. per kgm. per minute, re- 
spcctivelj'. In contrast to the injection of oxygen, 
tlie intravenous injection of air during simultane- 
ous administration of intratracheal oxv-gen pro- 
duced a rapid and extensive fall in arterial oxygen 
saturation both before and after considerable lov.-- 
ering of venous nitrogen content had been achieved, 
despite the marked hv’perventilation v.hids oc- 
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Fig. 7. Arterial Oxygen Saturation and Venous Nitrogen Content in a 17.7 Kgm. 
Anesthetized Dog Before and After the Intravenous Injection of Air During and Fol- 
lowing Denitrogenation by Continuous Intratracheal Administration of 99.6 Per 
Cent Oxygen 


curred. In no experiment could the third injec- 
tion without intratracheal oxygen be made, since 
the animals all died after the second injection, 
although in some (cf. Figures 5, 6) the intra- 
venous air was injected at a much slower rate than 
was the intravenous oxygen. 

4, The effect of injecting intravenous oxygen at 
very slow rates in normal anesthetized dogs 
without previous denitrogenation 

Inasmucli as there have been reports of marked 
clinical improvement in anoxemic human subjects 
who received prolonged intravenous injections of 


very small amounts of oxygen (1 to 5), arterial 
and venous oxygen saturations were followed in 
pentobarbitalized dogs during the intravenous ad- 
ministration - of oxygen at comparable rates for 
periods up to 3 hours. Because of the briefer 
duration of these experiments, reinforcing doses 
of pentobarbital were not required to maintain the 
anesthesia. In Figure 8, 3 such experiments are 
graphically presented. 

In all 3 animals, although the venous oxygen 
saturation was only 44 per cent to 73 per cent 
at the start of the experiment, as would be expected 
in deeply barbitalized animals breathing air, the 
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intravenous injection of oxygen at rates of 0.082 
(A) to 0.345 ml. per kgm. per minute (B) re- 
sulted in continued fall of both arterial and venous 
oxygen saturation. In one experiment (Figure 8, 
B), the animal died after 150 minutes although the 
oxygen administered intravenously was only 7.4 
per cent of the basal requirement. 

The decline in oxygen saturation in all 3 animals 
and the death of the 1 animal must have been re- 
lated to the intravenously administered oxy-gen 
for the following reasons : (I ) generally, in pento- 
barbitalized animals, the blood oxygen saturation 
does not decrease but increases after several hours 
as the anesthesia tends to lighten, (2) the only 
other experimental procedure to which these large 
dogs were subjected was the withdrawal of a total 
of 30 to 50 ml. of blood over a period of about 180 
minutes, and (3) at autopsy, no other significant 
contributory pulmonary pathology was found. 

The results of these studies are graphically il- 
lustrated in Table II. 


TABLE n 

Tabular summary of the representative general effects of 
intravenously administered, oxygen and air on the respiration 
and arterial oxygen saturation of denitrogenaled and non- 
denitrogenaled, anoxemic dogs 


Sub- 

Denitrogenated dogs 

1 

Non-denitrogenated 
anoxemic dogs 

Stance 

admin- 

istered 

Per cent 
of basal 
require- 
ment 

Respir- 

atory 

rate 

Arte- 
rial Oj 
satura- 
tion 1 

Per cent 
of basal 
require- 
ment 

Respir- 

atory 

rate 

Arte- 
rial Ot 
satura- 
tion 

i.v. Oj 
i.v. Air 

lS.2to33.1 

+ 

+ + + 

--- 

1.9 to 7.4 

++ 

+-f+ 



+ = increase. 
— = decrease. 


DISCUSSION 

The better response of dogs to the intravenous 
injection of oxygen at rates of approximately 1 
ml. per kgm. per minute when intratracheal oxj'- 
gen is administered simultaneously probably is 
not due solely to the beneficial effects of the in- 
haled oxygen. It should be recalled that when air 
was injected intravenously at equivalent or slower 
rates in dogs which were breathing 99.6 per cent 
oxygen after more or less denitrogenation, tlie 
fall in arterial oxygen saturation was as marked 
and rapid as that observed in animals given intra- 
\’cnous oxygen while brcatliing air (Figures 5 to 7. 
8). This indicates that the therapeutic effect of 
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» IJlTRAyENCUi OXTCtN 
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Fig. 8. Arterial and Vexous Oxygen Satur-^tion 
or Anesthetized, Tr-acheotomized Dogs Bre.athing Air 
During the Continuous Intravenous Injection of 
Oxygen at Rates Which Corresponded to the Follow- 
ing Percentages of the Calculated Basal Require- 
ment: 1.9 Per Cent in A, 7.4 Per Cent in B, and 32 
Per Cent in C 


99.6 per cent intratracheal oxygen alone is in- 
sufficient to effect the anoxemia produced by the 
hypothesized pulmonary emboli. Consequently, 
some other factor must be involved. 

As noted above, Binger, Brow, and Branch (11) 
found that the administration of 90 per cent oxygen 
could abolish the anoxemia following production 
of multiple pulmonary capillary emboli by the in- 
travenous injection of starch granules in dogs. 
Consequently, because the anoxemia following air 
injections was not compensated by the simultane- 
ous administration of 99.6 per cent oxygen it could 
be argued that the air injections do not constitute 
an adequate control and that the 2 types of experi- 
ments reported in the present study differ only in 
that perhaps more absorption occurred from the 
oxv-gen bubbles than from the air bubbles, leaving 
smaller bubbles in the former case, producing a 
less severe anoxemia which could be better com- 
pensated by the inhaled 99.6 per cent oxv’gen. 

However, because of the demonstrated role of 
dissolved gaseous nitrogen in tlie genesis and per- 
petuation of bubbles in tlie blood and tissues in 
decompression siclrness and acro-emt>olism. it is 
probable that in fully nitrogenated animals, di'- 
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solved nitrogen similarly enters the injected oxy- 
gen bubbles in accordance with Henry’s law and 
that the less severe reaction to this procedure when 
intratracheal oxygen is simultaneously adminis- 
tered is a consequence of the denitrogenation 
achieved by the oxygen inhalations. In the deni- 
trogenated dogs, on the other hand, as a result of 
the lower nitrogen tension, particularly of the 
blood, probably less nitrogen enters the injected 
oxygen bubbles which, therefore, may become 
smaller in size if oxygen is taken up by the re- 
duced hemoglobin in the venous blood. In this 
regard, it is interesting to note that the initial and 
final increase in respiratory rate during intra- 
venous oxygen injections in dogs simultaneously 
inhaling 99.6 per cent oxygen was markedly less 
than that observed during either intravenous oxy- 
gen injections in dogs breathing air or during air 
injections in dogs breathing 99.6 per cent oxygen, 
indicating that the oxygen bubbles in the deni- 
trogenated animals possibly were of smaller size 
or less persistent than in the other animals. 

The prolonged injections of intravenous oxygen 
at very slow rates in anesthetized dogs without 
denitrogenation reported in the present communi- 
cation establish further the physiological hazard of 
this procedure. Despite the slow rate of injection 
and the initial post-barbiturate anoxemia, arterial 
and venous oxygen saturation continued to fall or 
to remain low throughout the injection period, 
with death occurring in 1 animal before the 180- 
minute injection period was completed. 

Moreover, several incidental experimental ob- 
servations demonstrate that even with denitrogena- 
tion and simultaneous intratracheal oxygen, intra- 
venous oxygen constitutes an added hazard rather 
than a therapeutic aid in the anoxemic state. In 
experiments with 3 very large dogs and a smaller 
reducing valve leading from the oxygen tank to 
the demand valve, the .resistance to respiration 
was markedly increased at peak inspiratory flows. 
Consequently, these animals while being denitro- 
genated by oxygen inhalation became progressively 
more anoxemic because of the inspiratory resist- 
ance which produced an inadequate respiratory 
flow and, ultimately, pulmonary congestion and 
pulmonary edema. In one animal, for example, 
arterial oxygen saturadon was 63.5 per cent, ve- 
nous oxygen saturation was 30.9 per cent, and ve- 


nous nitrogen content was 0.23 per cent, when the 
injection of intravenous oxygen at a rate of 1 ml. 
per kgm. per minute (23.2 per cent of basal oxygen 
requirement) was begun. Within 14 minutes, res- 
piration had stopped, and at 15 minutes no cardiac 
sounds were audible. Similar observations made 
on the 2 other animals indicate, in addition, that 
the failure of intravenous oxygen administration 
in the remaining denitrogenated dogs was not 
necessarily a consequence of any elevation in 
oxygen saturation of the venous blood, which 
might result from simultaneous inhalation of 99.6 
per cent oxygen. 

These experiments establish the practical thera- 
peutic inadequacy of intravenous oxygen adminis- 
tration, even when the effect of gaseous nitrogen 
in the blood and tissues is minimized by prophy- 
lactic denitrogenation. Other considerations also 
make it evident that until some means of prevent- 
ing bubble formation is developed, introduction of 
significant amounts of oxygen by injection into the 
venous blood will not be successful. For example, 
if o.xygen is injected into peripheral vessels, the 
amount which can be absorbed rapidly before coa- 
lescence of bubbles occurs is limited immediately to 
that which will saturate fully the venous return 
from the areas drained. Because the peripheral 
blood flow is small in comparison with the total 
cardiac output, Goodwin et al. (25) attempted to 
inject oxygen into the inferior vena cava through 
a special catheter which produces small bubbles, 
but had no particular success in preventing the de- 
velopment of the usual signs and symptoms of pul- 
monary capillary embolization. 

Moreover, as Adrian! has noted recently (26), 
intravenously injected oxygen, like air, produces 
bubbles which are surrounded by a thin protein 
film through which neither nitrogen nor oxygen can 
penetrate too readily. Adriani explains the per- 
sistence of the emboli by quoting Langmuir (27) 
who suggested that the films are persistent and 
resistant, because the protein is denatured. Thus, 
any oxygen bubble introduced in the circulation 
will be only slowly absorbed even in markedly un- 
saturated blood. Therefore, successful extrapul- 
monic oxygenation probably will require not intra- 
venous injection but some other technique for in- 
troducing oxygen into the blood without bubble 
formation. 
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Cessation of the intravenous injection of oxygen 
was followed within 1 minute in a number of in- 
stances by a sudden and variable, but non-per- 
sistent, rise in the arterial oxygen saturation. A 
similar phenomenon was obseiv'ed and is more 
fully commented upon by Goodwin et al. (25). 

Because of the observations made by a number 
of workers regarding oxygen depression, following 
the inhalation of pure oxygen during anoxemia 
resulting from deep barbiturate anesthesia, and 
central nervous system depression (28), the ob- 
jection may be raised that the intravenous adminis- 
tration of oxygen to anoxemic dogs under pento- 
barbital anesthesia can depress or completely check 
respiration. It should be pointed out that although 
oxygen depression is readily obtained in the in- 
tact pentobarbitaliaed dog, it is accompanied by an 
almost immediate precipitous fall in respiratory 
rate and depth, which may happen even after only 
1 breath of pure oxj'gen. In the series of experi- 
ments currently being reported, however, the 
intravenous injection of oxygen to the anoxemic 
dogs produced not a decrease, but an increase in 
respiratory rate, suggesting that the stimulus of 
anoxemia to the carotid and aortic bodies had not 
been removed. 

SUMMARY 

1. The observations of others that oxygen ad- 
ministered intravenously to dogs at rates as low 
as 1 ml. per kgm. per minute rapidly produced 
marked increases in respiratory rates and often 
greater than 25 per cent decreases in arterial oxy- 
gen content were confirmed. 

2. Prior to the administration of intravenous 
oxygen, animals Avere denitrogenated in order 
to reduce the incidence of intravascular bubble 
formation. 

3. In tracheotomized, anesthetized dogs deni- 
trogenated by exposure to 99.6 per cent oxj’gen for 
3 to 4 hours, the intravenous injection of oxygen 
at a rate of 1 ml. per kgm. per minute for 20- 
minute periods usually produced falls in arterial 
oxygen content, frequently of the magnitude of 5 
volumes per cent, although occasionally tliere oc- 
curred slight increases. 

4. In dogs which were first denitrogenated and 
then renitrogenated by breathing air, the intra- 
venous administration of oxygen at rates the 
same as those previously used produced a rapid. 


significant drop in arterial oxygen saturation in 
most instances, and, in some cases, death. 

5. In contrast to the results obtained on injection 
of oxygen during the simultaneous administration 
of intratracheal 99.6 per cent oxygen, the intra- 
venous injection of air imder similar conditions 
produced a rapid, extensive fall in arterial oxygen- 
saturation both before and after considerable 
lowering of venous nitrogen content had been 
achieved, despite the marked hyperventilation 
which occurred. 

6. The intravenous injection of oxygen for 180 
minutes at very slow rates (0.082 to 0.345 ml. per 
kgm. per minute) in deeply anesthetized and an- 
oxemic dogs breathing air also resulted in a con- 
tinued fall of the arterial and venous oxj-gen satu- 
ration, although the amount of oxj’gen adminis- 
tered represented merely 1.9 to 7.4 per cent of the 
basal requirement. 

7. It is suggested that because of the physio- 
logical and physical factors involved in bubble 
formation, successful extra-pulmonic oxygenation 
rvill require some technique by which oxygen can 
be introduced into the blood without the forma- 
tion of bubbles. 

8. Even with denitrogenation and simultaneous 
intratracheal - oxygen, intravenous oxj’gen con- 
stitutes an added hazard rather than a therapeutic 
aid in the anoxemic state. 
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Peptides are utilized much less readily than 
free amino acids upon the intravenous infusion of 
a partial enzymatic hydrolysate of casein (Ami- 
gen) , as indicated by the greater accumulation and 
longer persistence of peptides in plasma, and their 
loss to the extent of 36 to 53 per cent into the 
urine (1). However, a partial acid hydrolysate 
of fibrin twice as rich in peptides as Amigen (con- 
taining about % of its amino acids in a conjugated 
state) has been found to have a high biological 
value upon intravenous administration to dogs, as 
compared with fibrin given orally (2). These ob- 
servations suggest a possibility of considerable in- 
terest to the subject of peptide metabolism, namely, 
that the peptides derived from fibrin may be more 
efficiently utilized than those of the casein hydroly- 
sate. This we have found to be the case. 

Five per cent solutions of the fibrin hydrolysate in 
5 per cent glucose were infused intravenously into 
convalescent male patients and into a normal sub- 
ject, in 3 different quantities — 1,(X)0 ml., 878 ml., 
and 485 ml., — ^the latter 2 quantities supplying ac- 
cording to our analysis the same quantity of total 
a-amino nitrogen and bound a-amino nitrogen re- 
spectively, as a liter of 5 per cent Amigen. (The fi- 
brin hydrolysate was not only mucli richer in pep- 
tides because of the limited hydrolysis, but also 
somewhat richer in total amino acids.). 

With tire 2 larger portions, containing 2 to 2.3 
times the quantity of peptides supplied b)' a liter of 
Amigen, dialyzable amino acid conjugates (pep- 
tides ') reached concentrations in plasma some- 
what higher tlian for Amigen at similar infusion 
rates (Table I). However, when tlie quantities of 
peptides infused were alike, the plasma levels were 
lower with the fibrin hydrolysate. The highest 

’ The term peptides will be used here for the dialyrable 
.vmino acid conjugates, altlioutrb other nonprotein con- 
jupates besides peptides may be included. 


level of peptide a-amino nitrogen yet observed, 6.3 
mgm. per cent, was not associated with discomfort. 
The infusion of either hydrolysate brought the 
free a-amino acid nitrogen of plasma to levels 
lower than were observed before the infusions. 
The curves picturing the removal of the conju- 
gates from plasma show the same aspects with the 
2 hydrolysates (Figure 1). Without regard to 
the rate or quantity of the infusion, the loss of pep- 
tides into the urine was less for the fibrin hydroly- 
sate, 26 to 28 per cent of the peptides infused 
(Table II). For infusion times' of 1.5 to 4 hours, 
losses of 40 to 53 per cent were characteristic for 
the peptides of 1 liter of 5 per cent Amigen. In 
the 2 cases where the conditions were most similar 
(experiment 52, reported pre\'iously [1], and 
experiment 14), the same quantity of peptides be- 
ing infused into the same normal subject in very 
nearly the same time interval, the loss of peptides 
was 27 per cent for the fibrin hydrolysate and 53 
per cent for the Amigen. The losses of jree a- 
amino acids were larger during infusion of the fi- 
brin hydrolysate than when Amigen was injected. 
Undoubtedly a part of the free amino acids in tlie 
urine originated from infused peptides of the 
hydrotysates. The over-all urinary losses of a- 
amino acids (free + peptide) of both preparations 
were in the region of 20 per cent. 

The additional conjugates of the c.xperimental 
urines appeared to be peptides. The optical den- 
sity (at 515 m/i) given with the biuret reaction 
by tlie dialysate of experimental urine number 24 
bore a relation to that given by the fibrin hydroly- 
sate solution similar to the relation found between 
the conjugated amino nitrogen concentrations of 
the 2 solutions. Of the conjugated amino add ni- 
trogen of normal human urine, ordinarily al>out 
half is extracted, after acidification, by ethyl ace- 
tate and is probably due largely to acr.-l amino adds, 

S49 
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TABLE 1 

Plasma amino acid changes produced by ihc infusion of the fibrin hydrolysate 
Five per cent solution in 5 per cent glucose, containing per liter 7.2 grams N, 1.98 grams free a-amino N, 3.44 erams 
bound a-amino N. Experiment 6, patient with duodenal ulcer; experiment 10, patient 3 days after hemiopTasty; 
experiment 24, patient convalescent from diverticulitis, on low residue diet; experiment 14, normal person. 


Experi- 

ment 

No. 

Vol. 

infused 

Time for 
infusion 

1 

a-amino N ' 

Before 

infusion 

Mid- 

infusion 

End of 
infusion 

• 1 hr. 
after 

2 hrs. 
after 

4 hrs. j 
after 

1 

6 hrs. 
after 


ml. 

tniti. 




mgm. iter cent 



6 

1000 

255 1 

Free 

4.80 

6.02 

6.49 

4.26 

3.94 

4.18 





In peptides 

0.42 

2.90 

3.77 

1.97 

1.40 

0.83 


10 

875 

165 

Free 

4.89 


6.45 

3.71 

4.49 


4.28 




In peptides 

0.16 


5.22 

3.37 

2.08 


1.04 

14 1 

485 

100 

Free 

1 4.64 

6.15 

5.93 

4.36 


4.68 


1 

1 



In peptides 

! 0.46 

1 

2.34 

3.53 

1.17 


0.67 


24 

1000 

120 

Free 

S.15 


8.47 

6.00 


4.35 


1 

1 



In peptides 

[ 0.50 


6.29 

2.49 

1 

0.75 



TABLE II 


Urinary loss of amino acids and -peptides of a fibrin hydrolysate infused intravenously 


Expt. 

No.* 

Volume 

infused 

a-amino N ' 

Pretest period, 
fasting 

12 hours 

Infusion period 
and succeeding 

6 hours 

Extr 

Net 

a loss 

Fraction of 
category infused 


ml. 


mgm. per hr. 

mgm. per hr. 

mgm. 

per cent 

6 

1000 

Total 

11.00 

130 

1070 

20 



Free 

3.44 

22.2 

164 

8.3 



In peptides ' 

7.56 

108 

900 

26 

10 

875 

Total 

14.34 

124.2 

970 

21 



Free 

5.12 

21.6 

146 

8.5 



In peptides 

9.22 j 

102.6 

825 

28 



Total extractablef 

5.26 i 

13.3 

71 

81 

14 

485 

Total 

13.01 

105.3 

542 

21 



Free 

4.30 

20.2 

93 

9.7 

1 

1 

1 

In peptides 

8.71 

85.1 

448 

27 

24 ' 

1000 1 

Total 

2.66 

149 

1266 

23 



Free 

1.97 

41.8 

345 

17 



In peptides 

0.69 

107 

921 

27 



Total extractablef 

1 0.25 

9.7 

82 

82 

30** 

730 

Total 

39.60 

116 

684 

17.3 



Free 

25.90 

36 

91 

6.2 



In peptides 

i 13.70 

80 

594 

24 


* See the notes to Table I. 

t Extracted from acidified urine by 5 portions of ethyl acetate, 1.5 volumes each extraction. 
•* Hepatic cirrhosis; infusion in 165 minutes. See text. 


mainly hippuric acid (3, 4), rather than peptides. 
The ethyl acetate-extractable conjugates of urine 
were increased by the infusion of the fibrin hydroly- 
sate (Table II) ; the increases, however, repre- 
sented only 9 per cent of the extra conjugated a- 
amino nitrogen excreted. About 1.8 per cent of 
the total a-amino nitrogen could be extracted from 
the hydrolysate itself under the same conditions. 


The additional extractable conjugates of the ex- 
perimental urines may have arisen by preferential 
excretion of extractable peptides or by acylation 
of non-extractable peptides or amino acids. 

To explore the possibility that impaired liver 
function might seriously handicap peptide utiliza- 
tion, 730 ml. of the fibrin hydrolysate solution were 
infused in 165 minutes into a 56-year-old male with 
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Fig. 1. Removal from Plasma of the Peptides In- 
troduced BY THE Infusion of Incomplete Hydrolysates 
OF Fibrin and Casein 

The pre-experimental level of conjugated amino acid 
nitrogen has been deducted in each case. The term “Ami- 
nosol” refers to the experimental fibrin hydrolysate. 

cirrhosis and ascites." The patient yielded the 
following laboratory findings: bromsulfalein re- 
tention, 48 per cent after 1 hour (dose, 5 mgm. 
per Kilo) ; serum alkaline phosphatase, 9.6 King 
units ; icterus index, 14 ; cephalin flocculation test, 
++-i--l- ; normal urea clearance. The pretest ex- 
cretion of amino acid nitrogen (free and conju- 
gated) was about a gram per day (Table II). 
This patient showed the smallest loss observed of 
the infused free amino acids and peptides (Table 
II). The rise in the plasma concentration of pep- 
tides at the end of the infusion was small, and these 
peptides were removed relatively quickly (Figure 
1 ). 

EXPERIMENTAL 

The fibrin hydrolysate solution used was derived from 
a single lot and was supplied through the kindness of Dr. 
Douglas V. Frost of Abbott Laboratories, -\ccording to 
Dr. Frost the hydrolysis had been performed by acid at 
100° for 6 hours, and tlie solution contained 12 grams of 
nitrogen per liter. Our analyses for this lot showed 1.9S 
grams of free a-amino nitrogen and 5.42 grams of total 
a-amino nitrogen (by acid hydrolysis) per liter, showing 
64 per cent of the a-amino nitrogen to be bound. These 

- Tl'.is infusion v,-as studied through the courtesy of 
Dr. Francis F. Harrison. 


analyses correspond quite well with those obtained by 
Frost for other lots. 

Experimental details and analytical procedures were as 
described elsewhere (1). 

DISCUSSION 

The average sizes of the peptides of the 2 hy- 
drolysates are similar, containing as an average, 
for Amigen (5), 3.4 and for the fibrin hydroly- 
sate, 4.0 amino acid molecules per peptide mole- 
cules.^ The difference in the availability of the pep- 
tides may be a result of differences in the 2 pro- 
teins, casein and fibrin, as to what amino acids are 
adjoining or may be a result of the different modes 
of hydrolysis, namely, by pancreatic enzjmes and 
by acid. The first view that the difference is in- 
herent in the proteins is supported by 2 con- 
clusions of Frost, cf al. (2), upon comparing the 
fibrin hydrolysate with a casein hydrolysate pre- 
pared in the same way by acid: 

1. The superior biological value of the fibrin 
hydrolysate was not adequately explained by a 
higher content of essential amino acids. 

2. Methionine in the state in which it is present 
in the casein hydrolysate appeared to be poorly 
utilized. 

These obsen'ations suggest that the peptides of 
the hydrolysate of casein by acid, like those of the 
enzymatic hydrolysate, were not well utilized. 

SUM5I.\RY 

Although our conclusion has been confirmed that 
peptides are less readily utilized than free amino 
acids when partial hydrolysates of protein are ad- 
ministered intravenously, the peptides of a fibrin 
hj’drolysate were lost into the urine to a distinctly 
smaller extent than were the peptides of an en- 
zymatic casein hydrolysate. The total amino acid 
losses of the 2 h)-drolysates were similar. One may 
conclude that any partial hydrolysate of protein 
for intravenous nutrition offers the possibility of 
quantitatively or qualitatively serious losses of 
bound amino acids. 

* The hydrolysis of fibrin has recently been extended to 
a degree of completeness similar to that of the casein 
hydrolysate. The term “Aminosol" is now applied to 
this preparation. The increased hydrolysis has intensified 
the difference in peptide utiliaation, urinary losses o: pep- 
tides with the ne-.v preparation being, in 3 cases, only 1C. 
IS. and 10 per cent — the total losses cf amino acids. £ 4. H, 
and SJ per cent. 
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Thanks are due to Dr. Scott P. Christensen for as- 
sistance. 
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Peptidemia is a recurring concept of pathological 
chemistr)' which never has been either completely 
established or disproved. In a literature of about 
100 papers only a few studies have been based 
upon methods which characterized the component 
measured as amino acids in conjugated jorms^. 
The reported studies appear to indicate that inter- 
mediate protein degradation products frequently 
enter the blood in disease, so much so as to deprive 
their determination of diagnostic value. 

Schweriner in 1920 (1) reported little if anj- 
peptides in mercuric chloride filtrates of normal 
blood but substantial amounts in neoplastic disease 
and in some types of liver disease. Blau (2) 
found elevated peptide nitrogen ( 1 to 8 mgm. per 
cent) in the blood in a number of diseases includ- 
ing 9 cases of hypertension. Becher and Herrman 
(3) found normal levels in carcinoma but high 
levels in severe renal insuffidencj*. Martens (4) 
reported concentrations of 8 to 13 mgm. per cent 
in severe hepatic and renal disease. Polonovski 
and Driesens (5) claimed that blood pol 3 'peptides 
were increased bj' as much as 4 times postopera- 
tively, reaching a maximum 5 or 6 daj's after 
surgerj’. Hannaert and Wodon (6), Kalmj-koff 
(7), Kotschneff (S), London and Kotschneff (9), 
and Martens (10) have reported eridence to show 

^ Certain difficulties in tcrminologj- must be considered. 
The investigations reviewed here, and the present study 
as well, measured not peptides but amnio acid conjugates 
which free amino acids upon hydrolysis. Although 
tlicse conjugates usually have been supposed to be pep- 
tides, tliey may include proteins or such substances as 
hippuric acid. For simplicity we arc using the inexact 
terms “peptides” and "peptide” nitrogen for these con- 
jugates as determined by the procedures described here. 
Note that the ninhydrin method used by us j-ields all of 
the a-amino groups of a tj-pical peptide as "peptide” ni- 
trogen, none as free a-amino nitrogen, although one (the 
terminal) of these amino groups is not involved in a 
peptide bond. With the nitrous add metliod, on the 
other band, a dipeptide, for example, would yield one of 
its amino groups ns free and tlic other as conjugated. 


that ingested proteins were absorbed into the portal 
circulation partiall}- as peptides and that the pep- 
tide content of the blood was modified upon flowing 
through the liver. 

The principal ideas as to the clinical significance 
of peptidemia may be classified as follows; 

1. That peptidemia is characteristic of neoplastic 

disease. " 

2. That peptidemia occurs after surgerj' or 
trauma or in certain tj’pes of shock, presumably 
because during increased protein catabolism, inter- 
mediate protein split-products may be released into 
the blood stream. This does not necessarily fol- 
low. Only slight increases of blood peptides were 
observed in proteose intoxication (11) and in 
histamine shock (12) although protein catabolism 
was strongly accelerated. “Peptide intoxication” 
as a humoral syndrome occurring after surgerj-, 
trauma or burns, proposed by Polonovski and 
Driessens (5), has been supported bj' several in- 
vestigations. Postoperative peptidemia has been 
suggested as a precipitating factor in intravascular 
clotting (13). 

3. That peptidemia occurs in hepatic disease, 
presumablj’ because of the loss of a supposed he- 
patic function of clearing peptides from the blood. 

4. That protein degradation products in the 
blood stream ma\- be toxic and etiological agent.' 
in a number of diseases, including: 

(c) hypertension (2, 14), 

(6) toxemias of pregnancy (15). 

(c) intestinal strangulation. 

Whipple, Rodenbaugh, and Kilgore (16) con- 
cluded that the toxic agent accumulating in closed 
intestinal loops was a primary h.eteroproteose. 
De Negri (17) reported that ligature o: the rr.e- 
sentric arteries of dogs gave large increases of 
blood poU-pcptidcs. His anah.tical ir.etliod was 
not specific, however. V.'e h.avc not considered 
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here the numerous other studies which have at- 
tempted to measure peptides by the difference in 
content of nitrogen (or of substances chromogenic 
with Folin’s phenol reagent) in 2 types of fil- 
trates of blood. 

Even among those studies which have employed 
methods possessing some degree of specificity for 
conjugated amino acids, highly inconsistent re- 
sults have been obtained for the normal levels of 
blood. These results have been tabulated else- 
where (18) together with a brief statement of the 
methods employed. Three factors have reduced 
largely the validity of such studies ; 

1. Inadequate deproteinising procedures. Tung- 
stic acid, picric acid and trichloroacetic acid, es- 
pecially the latter in low concentration, all leave in 
solution non-dialysable amino acid conjugates, pre- 
sumably proteins (19). Dialysis of plasma must 
be very brief if proteolysis is to be avoided. 

2. Analysis of serum or defibrinated blood. 
“Peptides” are formed in the course of clotting 
(19). 

3. Analysis of whole blood. Erythrocyte gluta- 
thione contributes a major part of blood peptides. 

■ Apparent changes of blood peptides may arise from 

changes in hematocrit or from differences in the 
recovery of glutathione in blood filtrates (18), 

In addition, the incomplete specificities of the 
analytical procedures, especially of the Folin amino 
acid method in its unmodified form, have probably 
contributed to the non-agreement. 

Undetermined nitrogen in azotemia. In many 
cases of azotemia, notably “irreversible” azotemia 
following severe burns (20 to 22), a substantial 
part of the non-protein nitrogen has not been iden- 
tified. The possibility frequently has been sug- 
gested that peptides might account for much of 
the unidentified nitrogen. 

In brief, there is a wealth of ideas as to the 
pathological significance of peptidemia, but the 
experimental support is poor because of the in- 
adequacy of the chemical procedures used. We 
have investigated the question employing the man- 
ometric ninhydrin procedure for amino acids, and 
using for the removal of proteins a combination of 
chemical deproteinization and dialysis (19) . Such 
elevations of plasma “peptides” as we observed in 
a varied group of diseases were by no means as 
large as those previously reported, and were not 


sufficiently remarkable to give the determination 
diagnostic value, nor to contribute largely to the 
undetermined non-protein nitrogen of plasma. 

EXPERIMENTAL 

Plasma from heparinized venous blood (from fasting 
subjects except as indicated) was at once diluted with 
4 volumes of redistilled water, and S volumes of dilute 
tungstic acid (23) or of 5 per cent trichloroacetic acid 
were added slowly. After 30 minutes the suspensions 
were centrifuged and the supernatant solution filtered. 
Free a-amino nitrogen was determined promptly upon 6 
to 8-ml. aliquots of the tungstic acid filtrates at pH ,2.5, 
or upon picric acid filtrates, by the manometric ninhydrin 
procedure (24). The result was corrected for the urea 
found present, except when a high urea concentration was 
anticipated, in which case urea was removed by urease. 

A 30' to SO-ml. aliquot of the tungstic acid filtrate was 
dialyzed in a ^-inch cellophane tube against a single 
measured portion (60 to 80 ml.) of redistilled water for 
24 hours at 5° C. on a slowly rotating wheel. Trichloro- 
acetic acid filtrates were first freed of trichloroacetic acid 
by ether extraction (18), concentrated in vacuum, made 
to 25 ml. and a 24-m!. aliquot likewise dialyzed. A maxi- 
mal aliquot of the dialysate was concentrated and hydro- 
lyzed in a sealed tube at 110° C. for 24 hours in 4N 
hydrochloric acid. The hydrolysate was taken to dry- 
ness in vacuo, remoistened and dried again, 10 ml. of 
water added, and 3-ml. aliquots of the resultant solu- 
tion were analyzed for a-amino nitrogen at pH 2.5. The 
difference in tlie 2 analyses (total diffusible a-amino 
nitrogen minus free a-amino nitrogen) is the conjugated 
diffusible a-amino nitrogen, due to peptides and other 
amino acid conjugates. It is for this category that the 
term "peptide" nitrogen is used here, with the qualifica- 
tions already noted.i 

RESULTS 

Normal concentrations. Twenty-one tungstic 
add filtrates of plasma from persons in the post- 
absorptive state contained an average of 0.9 mgm. 
per cent of conjugated a-amino nitrogen (18). 
Such filtrates, however, contained from 0.2 to 0.5 
mgm. per cent of conjugated a-amino nitrogen 
which was not dialyzable, this presumably being 
due to proteins (18). Six filtrates studied con- 
secutively in June 1946 (19) contained no meas- 
urable dialyzable conjugates (“peptides”). Four- 
teen samples analyzed subsequently contained an 
average of O.Sl mgm. per cent (S.D. =0.07; 
range 0.08 to 0.89 mgm. per cent) of “peptide” 
nitrogen. One may conclude that "peptides” are 
usually but not invariably demonstrable. Trichlor- 
oacetic acid filtrates generally showed slightly 
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higher concentrations of these “peptides” (range, 
from 0.0 to 1.5 mgm. per cent “peptide” nitrogen). 
Most of the difference, however, in the total ni- 
trogen content of these 2 types of filtrates is due 
to protein. 

TABLE r 

Effect of the ingestion of milk or casein upon 
plasma amino acids 

All filtrates prepared by tungstic add. Dialysates of 
these filtrates were analyzed in e.vperiments 6 to 10. All 
normal subjects except experiment 6. 




a-amino nitrogen 

Expt. 

Meal 

Free 

“Peptide** 

1 

1 quart whole milk 
postabsorptive 

mim. pi 

5.06 

T cent 

0.70 


150 min. ^ter 

5.54 

-0.02 

2 

1 quart skim milk 
postabsorptive 

4.12 

0.26 


60 min. after 

4.07 

0.16 


120 min. after 

4.39 

0.08 


200 min. after 

4.98 

0.03 

3 

1 quart skim milk 
postabsorptive 

3.97 

1.70 


123 min. after 

4.88 

1.19 


180 min. after 

4.86 

0.74 

4 

400 ml. skim milk 
postabsorptive 

4.14 

0.58 


113 min. after 

4.31 

0.25 


175 min. after 

4.52 

0.38 

5 

1 quart skim milk 
postabsorptive 

4.14 

0.49 


120 min, after 

4.70 

0.12 

6* 

12 grams protein as 
cottage cheese 
postabsorptive 

3.45 1 

0.51 


120 min. after 

6.26 1 

0.38 


180 min. after 

5.98 

0.14 

7 

30 grams casein 
postabsorptive 

4.33 

0.55 


170 min. after 

4.97 

0.11 

8 

35 grams casein 
postabsorptive 

4.34 

0.48 


150 min. after 

5.84 

0.4S 


210 min. after 

4.87 

0.09 

9 

35 grams casein 
postabsorptive 

5.11 

0.46 


ISO min. after 

6.30 

0.64 

10 

35 grams casein 
postabsorptive 

5.23 

0.61 


165 min. after 

6.83 

0.27 


225 min. after 

5.73 

0.44 


Child, age .1.3 vvars, weight 26 pounds, cystic fibrosis 
V \Vhen the test meal was IS grams of geLitin 
the plasma amino add X did not rise above 4.7 mem. 
per cent. 


As to the nature of these “peptides,” glycine 
analyses indicated that hippuric acid, glutathione 
or serylgl 3 'cylglycine made no large contribution. 
From acidified tungstic acid filtrates onl}' small 
fractions of the conjugates were extracted by eth}’! 
acetate. 

Effect of protein ingestion. The peripheral 
venous plasma did not contain increased quantities 
of “peptides” after the ingestion of 100 grams of 
gelatin (25) or of 35 grams of egg white protein. 
The ingestion of a quart of milk, or of 35 grams of 
casein, led not to an increase but to a decrease in 
the “peptides” of plasma (Table I). This strange 
effect has been obtained 9 times in 10 experiments. 
This effect was not produced, in control experi- 
ments, by: (ff) continued fasting, (b) the ingestion 
of 35 grams of starch, (c) drinking 1,5 liters of 
water in the course of an hour. No explanation of 
the effect of casein ingestion unll be attempted. 

Do surgical procedures lead to peptideniiaf A 
preliminary study upon a patient exposed to veiy* 
extensive abdominal surgery' (dismantling of gas- 
trojejunostomy, excision of marginal ulcer, hemi- 
colectomy, transverse colostomy, enterostomy) 
gave the following values for “peptide” nitrogen in 
plasma samples taken 42, 69, and 110 hours after 
surgery: 

(a) Undialyzed tungstic acid filtrate, 0.25, 0.34, 
0.8 mgm. per cent. 

(b) Undialyzed trichloroacetic acid filtrate, 0.84, 
0.80, 2.0 mgm. per cent. 

Detailed study (Table 11) of a group of patients 
exposed to various major surgical procedures 
failed to show an}' definite effect upon the "pep- 
tides” of plasma (although the free amino adds 
were ahva 3 -s reduced [26]) or upon the urinar}' 
excretion of free or conjugated amino acids. The 
preoperative and postoperative concentrations of 
plasma “peptides” were somewhat higher than 
the average for normal subjects, but not outside 
the normal range. The increased protein catabo- 
lism which occurs postoperativei}' apparent!}' does 
not result in the appearance of increased amo’unts 
of intermediate degradation products in the plasma. 

Pcpiidcmia in various diseases. Table III sum- 
marizes our obsen-ations upon patients '.vith '.'ari- 
ous diseases. Peptideinia did net npp>ear to 1/a 
characteristic of neoplastic diseases, hepatic di?- 
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TABLE II 


Effect of surgery upon free and conjugated amino acids of plasma and urine 


Surgical procedure 

1 

j 

' a-amino N 

Plasma 

Interval after surgery 

Urine 

Preopt. j 

1 

immed. 

1 day 

2 days 

4 days 

7 days 

10 days 

Vrcopl. 

Postop.* 


1 



m 

gm. per cei 

III 



mgm. i 

'rr hour 

Carcinoma of sigmoid colon: 

Free 

4.96 

3.93 

4.28 1 

3.84 

4.50 ' 

4.72 : 

4.34 

7.27 

9.50 

Resection, sigmoidoscopy, 

1 Peptides 

1.68 



1.40 1 

1.14 

1.40 


5.90 

5.80 

exteriorization of sigmoid 

' Peptidest 

0.75 

0.76 

0.66 

0.98 

0.87 

0.25 

0.90 



Open reduction of commi- 

Free 

i 3.99 

2.93 

2.79 

4.08 

3.76 

3.60 


3.17 

5.09 

nuted fracture of tibia with 

Peptides 

: 0.41 

0.77 

0.47 

0.73 

1.02 

0.44 


4.10 

7.10 

application of bone plate 

Peptidest 

0.55 

0.68 

0.80 

0.79 

0.87 



i 

1 


Open reduction of fracture of 

Free 

4.18 

2.98 

4.08 

3.60 

4.20 



4.81 

5.83 

radius and ulna with appli- 

Peptides 

1.17 

0.96 

0.89 

0.55 

0.81 



6.60 

5.66 

cation of bone plate 











Exploration of kidney, ure- 

Free 

3.92 


3.83 

3.41 

4.47 

4.07 


4.98 

4-36 

terotomy with removal of 

Peptides 

1.06 


0.50 

0.74 

0.79 

0.58 


4.73 

4.11 

stone 






1 

1 



1 

Peritonitis with obstructive 

Free 

3.3 

3.28 




i 

1 

1 



symptoms; exploration ^ 

Peptides 

1.3 

1.25 




1 

t 

1 

1 



Carcinoma of rectum; bilat- 

Free 

4.69 

2.42 

2.63 

2.93 

3.44 

i 3.78 

i 3.87** 

6.86 

6.94 

eral radical dissection of 

Peptides 

0.70 1 

0.53 

0.67 

0.69 

0.79 

0.88 

0.40 

11.80 

9.40 

inguinal lymph nodes 


1 




1 

1 






* All urine excreted during a 72- to 9d-hour period beginning just before the operation. The preoperative urines 
were collected during the preceding 12 hours. 

t Tungstic acid filtrates of plasma. All other values for ''peptide” N of plasma were determined upon 2,5 per cent 
trichloroacetic acid filtrates. 

** Fourteenth day after surgery, free a-amino N, 4.03 mgm, per cent; "peptide” N, 0.39 mgm. per cent. 


ease, even if severe, of venous thrombosis, of 
severe burns without azotemia, or of a number of 
other conditions. Somewhat elevated values ap- 
peared to occur in the nephrotic syndrome, and 
also in some cases of azotemia, but no level above 
2.5 mgm. per cent of “peptide” nitrogen has been 
observed. While one cannot conclude that the 
rather small elevations observed in disease are 
without physiological significance, no indication of 
diagnostic value of the analysis has been obtained, 
nor do peptides and other conjugates appear to 
make any major contribution to the undetermined 
non-protein nitrogen of plasma. 

Subjects showing the higher concentrations of 
“peptides” in the plasma did not regularly ex- 
crete larger quantities in the urine. On the other 
hand whenever the plasma peptide nitrogen is 
elevated by a few mgm. per cent by the intravenous 
injection of peptides (in the form of incomplete hy- 
drolysates of protein) there is a massive peptiduria 
(27, 28). A dissimilarity is apparent in the na- 
ture of the "peptides” of plasma in the two situ- 
ations. 


Other body fluids. Several cerebrospinal fluid 
samples (by lumbar puncture) contained from 0.2 
to 0.8 mgm. per cent of “peptide” nitrogen (Table 
IV). Tungstic acid, trichloroacetic acid and pic- 
ric acid all left in solution a large fraction (15 to 
50 per cent) of the protein of normal cerebrospinal 
fluid. Seminal plasma was unusually rich in free 
amino acids and in peptides, probably because of 
the presence of strong proteolytic activity, which 
led to the release of nearly 100 mgm. per cent of 
free amino acid nitrogen in 12 hours at 20°. Patli- 
ological accumulations of chest fluid, ascitic fluid, 
and synovial fluids appeared to contain "peptide” 
nitrogen in the range of 1 to 3 mgm. per cent. 

SUMMARY 

1. Factors which largely vitiate the validity of 
former determinations of blood peptides have 
been considered. The conjugated non-protein, 
amino acids (peptides plus other conjugates) of 
the plasma of normal persons and patients have 
been examined by procedures designed to avoid 
such factors. 
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TABLE ra 

“Peplides" of plasma in various diseases 
TCA = 2.5 per cent trichloroacetic acid 


■ 

Diagnosis 

a-amino nitrogen 

Type of 
' filtrate 

Free 

"Peptide" 



mgm, per cent 


32540 

Early cardnoma of cervix; x-ray therapy 

3.16 

0.88 

TCA 

16610 

Carcinoma of the prostate 


0.52 

TCA 

31194 

Cardnoma of the pancreas; jaundice 

3.76 

0.10 

TCA 

24460 

Adenocardnoma of the common bile duct; metastases to liver 

3.70 

0.9 

Tungstic 




1.7 

TCA 

31905 

Adenocardnoma of liver 

4.79 

0.92 

Tungstic 




1.22 

TCA 

32621 

Cardnoma of unknown primary site — pressure on common bile duct 

3.7 

0.7 

TCA 

31956 

Infectious hepatitis 

4.62 

0.19 

Tungstic 




0.40 


17291 

Infectious hepatitis 

5.08 

1.24 


32401 

Cirrhosis with ascites 

4.22 

0.67 


32314 

Infectious hepatitis 

4.11 

1.11 


27094 

Infectious hepatitis 

4.67 

0.30 

Tungstic 




0.83 

TCA 

29862 

Metastatic cardnoma of liver; cholemia 

5.32 

0.73 

Tungstic* 

27698 

Obstructive jaundice; serum proteins 4.1 per cent 

5.56 

0.52 

Tungstic* 

17708 

Diabetic addosis; serum COi 7.6 mM. per liter 

8.93 

2.40 

Tungstic* 


7 hours later; serum COj 26.1 mM. per liter 

3.50 

2.27 

Tungstic* 

31242 

Diabetic addosis; serum COi 6.1 mM. per liter 

8.20 

0.26 

Tungstic 


12 hours later; serum COj 26.2 mM. per liter 

2.80 

1.0 

TCA 

31935 

Addison’s disease, in relapse during withdrawal of steroid therapy; 

5.0 

0.7 

Tungstic 


diabetes mellitus 


1.6 

TCA 

32717 

Pneumonia and empyema 

3.16 

0.01 

TCA 

14886 

Bleeding duodenal ulcer 

3.85 

0.74 

TCA 

31265 

Thrombosis of deep femoral veins; after venous ligation 

3.56 

0.83 

TCA 

31770 

Thrombosis of saphenous vein; 24 hours after ligation (recurrent) 

3.40 

1.27 

TCA 

28777 

Thrombosis of superfidal femorals; after ligation 

3.49 

0.97 

TCA 

31488 

Burns covering 28 per cent of surface. No azotemia 

2.37 

0.52 

Ultrafiltrate 

32268 

Bums, 40 per cent of surface. No cizotemia. After 1 day 

2.93 

0.65 

Tungstic 




1.86 

TCA 


After 2 days 

3.72 

0.72 

Tungstic 




2.04 

TCA 


.After 3 days 

3.18 

1.67 

Tungstic 

19421 

2.3 hours postpartum 

2.81 

0.66 

TCA 

10253 

1 hour postpartum 

2.83 

0.49 

TCA 

23559 

Toxemia of pregnancy 

3.71 

1.02 

TCA 

32646 

Uremia; hypertensive cardiovascular disease 

5,74 

1.05 

TCA 

32734 

Polycystic kidneys (no azotemia) 

3.97 

2.37 

TCA 

28161 

Terminal nephritis with nephrotic component, age 13 

3.40 

1.58 

Tungstic* 

312'/6 

Nephrosis, age 17 months 

3.4 

0.7 

Tungstic 

31276 

Nephrosis, age 19 months 

3.4 

1.43 

TCA 

313068 

Nephrosis,! age 3.3 years 

3.53 

1. 58 

TCA 

309517 

Nephrosis,! age 3.3 vears 

3.86 

2.12 

TCA 

H9 

Nephrosis,! age 4 years 

4.94 

1.00 

TCA 

29376 

Nephrosis, age 6 years 

3.35 

1.25 

Tungstic* 

30627 

Nephrotic stage of nephritis, anasarca, 58 year.s 

4.09 

0.66 

Tungstic* 

Bll 

Nephrotic stage of nephritis, child 

4.06 

0.78 

TCA 

Cll 

Nephrotic stage of nephritis, child 

3.65 

1.42 

TCA 

R21 

Renal rickets, amyotonia,** age 2.5 vears 

3.25 

1.0 

Tungstic 

17SS0 

Cystic fibrosis of the pancreas 

3.45 

0.51 

Tungstic* 

33596 

Toxemia of pregnancy 

0.35 

0.16 

TCA 

14666 

Toxemia of pregnancx’ 

3.61 

0.48 

TCA 


Rheumatoid arthritis, hypervitaminosis D, caldnosis, azotemia 

4.22 

0.53 

TCA 


• Analyses upon undial\-zed filtrates; hence, some protein presum.ably is included, 
t Sample supplied by Dr. Grctchen Hutchens, Children’s Hospital, Boston. 

Sample suppUed by Dr. Nathan Talbot, NIassachusetts General Hospital, Boston, The urinarv' c'ccrction cl 
free a-ammo add nitrogen was 150 mgm. per day; of glydne niffogen, 31 mgm. per day. 
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table’ IV 

Amino acids and "peptides" of some body fluids 


No. 

Fluid; diagnosis 

t (t-amlno nitrogen 

f Type of 

Free 

"Peptide" 

' filtrate 

i 

L 27 

; Cerebrospinal fluid, normal 

i 1.41 

i 0.8 

TCA 

J ss 

Cerebrospinal fluid, hydro- 
cephalus, ventricular tap 

1.04 

0.10 

TCA 

K 54 

Cerebrospinal fluid, normal 

1.16 

0.48 

TCA 

K 50 

Cerebrospinal fluid, meningo- 
coccal menin^fitis 

1.06 

0.74 

TCA 

M S 

Cerebrospinal fluid, normal 

J.80 

0.20 

Dlalysatc 

E 72 

Seminal plasma 

15. 8* 

14.0* 

Picric 

N 21 i 

Same, after t2 hours at 20” 
Chest fluid, measles, pleurisy 

103.6 

1.52 


Picric 

Picric 

K 32' 

Chest fluid, constrictive peri- 
carditis 7/9 ‘ 

1 

4,73 ! 

1.3t 

TCA 

K 32 

Chest fluid, constrictive peri- 
carditis 7/19 

3A4 

2.68 

TCA 

K 43 

Ascitic fluid, sec, carcinoma of 
peritoneum 

3.83 

0.91 

TCA 

J 33 

Synovial fluid, from knee, 
rheumatoid arthritis 

4.43 

1.10 

TCA 


* Three other experiments gave similar findings. Free 
glycine N 0.62 mgm. per cent; alanine N 1.4 mgm. per 
cent; little, if any, glutamine. 


2. Tungstic acid filtrates of the plasma of normal 
fasting persons contained usually less than 1 mgm. 
per cent of conjugated, non-protein, amino acid 
nitrogen, and in some cases the concentration was 
too small to be measured. Protein ingestion did 
not increase the concentration of conjugates; in 
fact, milk or casein produced decreases. 

3. Surgical procedures failed to produce in- 
creases of the “peptides” of plasma, nor were 
significant changes produced in the urinary ex- 
cretion of free or conjugated amino acids. 

4. While the plasma of patients with a variety 
of diseases contained as an average somewhat 
more amino acid conjugates than the plasma of 
normal persons most of the values were not out- 
side the range encountered in normal persons. 
Elevated values did not appear to be characteristic 
of neoplastic disease, hepatic disease, or venous 
thrombosis. Somewhat elevated values were ob- 
served in nephrosis, but no value above 2.5 mgm. 
per cent of “peptide” nitrogen has been observed. 

5. The free and conjugated amino acids of a 
few other body fluids have been reported. 
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The recent introduction by Blalock (1) o£ an 
operative procedure lor the successful treatment of 
the tetralogy of Fallot has focused considerable at- 
tention on the various manifestations of this con- 
dition. It has also indicated the need of more in- 
formation to aid in the diagnosis and prognosis, as 
well as in the preoperative and postoperative treat- 
ment of the patients with this disease. The pres- 
ent study is concerned particularly with the meas- 
urement of blood volume, hemoglobin, and plasma 
protein in 7 cases of tetralogy of Fallot, 4 cases of 
isolated septal defect, and 1 case each of Eisen- 
menger complex, isolated pulmonic stenosis, co- 
arctation of the aorta, congenital mitral stenosis, 
and patent ductus arteriosus. 

Fallot (2), in 1888, described the complex of 
combined congenital cardiac defects of pulmonic 
stenosis, right ventricular hypertrophy, patent in- 
terventricular septal defects, and dextroposition of 
the- aorta which is commonly referred to as the 
“Tetralogy of Fallot.” It is a common congenital 
defect of the heart. It constitutes 77 per cent of 
the 110 cases of phlmonary stenosis and 66 per 
cent of 40 cases of pulmonary atresia in Abbott’s 
(3) series of 1,000 cases. The Eisenmenger com- 
plex is much less common. It differs from Fal- 
lot’s tetralogy by having no pulmonary stenosis 
or atresia. The prognosis is somewhat better, the 
average life span being 16 years compared to 12.5 
years in Fallot’s type (4) . The oldest s^e of sur- 
vival recorded in either type is 60 years (5) . 

The principal extracardiac pathology of Fallot’s 
tetralogy is a generalized vascular distention, cap- 
illary hyperplasia (3), and increased tortuosity. 
This is accompanied by polycythemia and in- 
creased blood viscosity. Blood arteriovenous-oxy- 
gen difference is increased, and its per cent oxygen 

1 One of series of studies being conducted under a 
grant from the Research and Development Division, 
OfSce of the Surgeon General, United States Army. 


saturation is decreased. Cyanosis, usually present 
at rest, is increased on exertion, when dyspnea also 
appears. 

Although the elevated values of hemoglobin and 
hematocrit in the tetralogy of Fallot suggest an in- 
creased blood volume, measurements of blood vol- 
ume have been recorded in relatively few cases of 
this disease. Meyer (6) measured the volume in 
1 case using congo red, as did Blumenfeldt and 
Wollheim (7) using trypan blue. Both authors re- 
ported extremely low values for plasma volumes, 
Weber and Dorner (8), using the carbon monox- 
ide method, obtained a value of 131 ml. per kgm. or 
a total blood volume of 6,040 ml. in a patient with 
cyanotic congenital heart disease (morbus caeru- 
leus) as compared with the value of 77 ml. per 
kgm. in normal individuals measured’ by their 
method. Hallock (9) used the T-1824 blue dye 
in studying 2 cases. He found low plasma volumes 
(29.9 and 29.3 ml. per kgm.) and high cell vol- 
umes (144 and 77 ml. per kgm.). 

METHODS AND PROCEDURE 

Considerable care was devoted to the standardization of 
the procedures and methods used. All patients were 
studied under basal conditions. Breakfast was omitted, 
and the patients rested quietly in the recumbent position 
for at least 10 minutes before the determinations were 
made. Blood was drawn from an antecubital vein into 
syringes coated with a thin film of heparin. Total cir- 
culating plasma volume was determined by tlie method of 
Gregersen (10) using the Klett-Sumraerson photoelectric 
colorimeter. The amount of heparin which was used did 
not interfere with accurate determination of the plasma 
volume. To rule out the question of possible inadequate 
mixing because of slowed circulation, several successive 
samples were taken at 5-minute intervals after the usual 
10-minute sample. In a number of cases, simultaneous 
samples were taken from the dorsal foot vein and an 
antecubital vein. All of our cases showed complete mix- 
ing in 10 minutes, and there was no evidence that the 
disappearance curve of the dye differed from that given for 
‘‘normal’’ individuals. All adults were injected with 5 
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ml. of dye. Children were given a smaller amount of 
dye roughly proportional to their normal weight. 

Hematocrit values were obtained by centrifuging blood 
in Wintrobe tubes. Since spinning for 30 minutes at 
3,000 revolutions per minute gave the same results as 
spinning for an hour, the former interval was used in 
all of the experiments. Hematocrit determinations were 
made on the samples of blood taken before and after the 
injection of the dye. This served as a check on possible 
fluid shifts during the 10-rainute intervening period. 

Red cell volumes were calculated from the hematocrit 
values. The absolute accuracy of this procedure has 
been questioned by some (11) and affirmed by others 
(12). The suggested discrepancy between the true red 
cell volume and that calculated from the hematocrit, if 
present, would tend to make our absolute values uni- 
formly too high by a maximum of about 25 per cent . It 
would have less bearing on the relationship of the actual 
values to standard values obtained by the same procedure. 


Hemoglobin was determined as oxyhemoglobin, using 
the photoelectric colorimetric method of Evelyn (13). 
Oxygen capacity determination by the Van Slyke-Neill 
method furnished the necessary constants for calculation 
of the actual values. Specific gravity of the plasma was 
determined by the falling-drop method (14), and plasma 
protein levels were calculated from these values by the 
formula of Weech, Reeves, and Goettsch (15). All read- 
ings were made as soon as possible after the blood was 
drawn. A series of determinations made at intervals on 
9 "normal” subjects over a period of 4 months showed 
fluctuations of not more than 10 per cent. Changes of 
greater magnitude have therefore been considered as 
significant. 

The values given by Gregersen (10) were used to as- 
sign standard levels in the adult patients for blood volume, 
plasma volume, red cell volume, total plasma protein, and 
total circulating hemoglobin. These values were as- 
sembled by Gregersen from a large series and agree in 


TABLE I 

Tetralogy of Fallot 


Patient 

number 

Age 

Oba. 

wt. 

Date 

1946 

Hct. 

Hb. 

Hb. 

plasma 

protein 

Plasma 

protein 

Plasma 

volume 

Red cell 
volume 

Blood 

volume 

Comments 






trams 

grams 

grams 








kem. 


cinl 

fer 

ter 

per 

per 

ml, per kgm. 







cent 

kzm. 

unt 

kgm. 





204 

,9 mos. 

6.8 

7-9 

60 

14.3 

28.7 

6.09 

4.9 

80.3 

120.5 

201.7 

12 pounds under average 













weight 

208 

22 yrs. 

57.6 

1-31 

76 

19.7 

51.5 

8.05 

5.1 

64.1 

195.6 

259.7 




57.6 

2-12 

70 

20.7 

40.0 

6.85 

4.0 

57.8 

135.1 

193.1 




54.9 

3-12 

68 

20.2 

32.0 

6.85 

3.3 

48.5 

109.8 

158.3 




57.6 

3-26 

59 

17.2 

18.9 

5.88 

2.6 

44.8 

64.6 

109.5 




57.6 

5-9 

64 

16.6 

24.9 

6.99 

3.3 

54.0 

95.9 

149.9 














Blalock procedure 



58.1 

7-18 

66 

20 

25.3 

7.06 

3.0 

43.0 

83.5 

126.5 

7-30-46 



57.6 

7-29 

70 

20.3 

23.2 

6.68 

2.3 

34.3 

80.0 

114.3 

Died 8-1-46 













27 pounds under usual weight 

207 

20 yrs. 

49.0 

3-28 

70 

19.8 

33.6 

7.34 

4.0 

54.0 

126.0 

180.0 

Died 4-9-46. Autopsy 

205 

4 yrs. 

15.9 

4-30 

75 

19.5 

45.8 

7.69 

4.0 

51.4 

154.1 

205.7 




18.1 

7-29 

70 

20.5 

21.9 

6.99 

2.4 

32.0 

74.9 

106.9 














IS pounds under usual weight 

206 

44 yrs. 

46.3 

5-7 

66 

19.6 

31.0 

5.81 

3.1 

54.0 

104.9 

158.9 

Xcoplastic cachexia develop- 













ing sj-mptom from card- 



44,5 

6-18 

65 

19.6 

33.5 

5.39 

3.2 

59.8 

111.0 

170.8 

noma of stomach 



44.5 

7-5 

63 

IS.S 

24.5 

6.37 

3.1 

49.0 

83.4 

123.4 

Died 7-31-46. -Autopsy 

212 

6 NTS. 

13.7 

7-29 

81 

20.5 

63.1 

6.41 

3.7 

5S.4 

294.3 

307.7 

IS pounds under average 













weight with ntirked mental 



13.7 

S-15 

81 

21.8 

93.4 

6.16 

5.0 

81.4 

346.9 

42S.3 

de.fldencv 













13 jJounds under average 

211 

6 yrs. 

14.1 

6-20 

73 

21.4 

44.9 

6.65 

3.8 

56.7 

153.2 

209.9 

weight 













Blalock procedure 



14.1 

6-29 

74 

20.1 

52.6 

7.30 

5.0 

6S.1 

193.6 

261.7 

7-20-46 



14.1 

S-7 

62 

16.2 

24.8 

7.09 

4.1 

SS.2 

94.9 

153.2 



1 

14.1 

S-15 

59 

17.3 

17.8 

4.80 

2.0 

42.1 

60.4 

102.S 



i 

14.1 

9-10 

61 

19.2 

22.1 

6.9 

3.1 

44.8 

70.1 

IIS.O 
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general with our findings and with those of other series 
(16). Standard values for blood, plasma, and red cell vol- 
umes in the children were calculated from the data given 
by Brines, Gibson, and Kunkel (17). Wintrobe's stand- 
ard values were used for hemoglobin and hematocrit (18). 
Since all of our children were over 18 months old, their 
standard plasma protein level was assumed to be similar 
to that of the adult, i.e., 6.5 grams per cent. 

Diagnosis of tetralogy of Fallot was made principally 
on a basis of: (1) a history of cyanosis since, or shortly 
after, birth ; (2) physical findings of a pulmonic stenosis- 
type murmur, cyanosis, finger and toe clubbing, and 
watchcrystal nail changes; and (3) X-ray findings of de- 
creased conus pulmonus prominence. Retarded physical 
development was prominent in all of the children studied, 
and retarded mental development was observed in 1 case. 
Associated congenital defects were noted in 1 case. Rest 
cyanosis was present to a greater or lesser degree in all 
cases, and its presence in the absence of dyspnea and 
tachycardia was striking. Congestive failure was found 
in only 1 case (No. 206), and only 1 case (No. 212) 
showed marked cardiac enlargement. Right axis deviation 
was consistently found electrocardiographically. Circula- 
tion times, intracardiac diodrast studies, and oxygen 
analyses were done on some of the cases and showed mark- 
edly reduced arm-to-tongue or -face circulation time, right 
ventricle retention and right-to-left heart shunt, and de- 
creased arterial oxygen saturation and increased arterio- 
venous oxygen difference. The aortic arch was on the 


left side in all cases. Two of the cases (Nos. 206 and 207) 
came to autopsy and presented the typical picture of the 
tetralogy of Fallot. 

Case No. 210 was classified as an example of the 
Eisenmenger complex mainly on the basis of a prominent 
conus, lack of aortic prominence, and lack of a murmur 
typical of pulmonic stenosis. Since it was not feasible 
to employ venous catheterization, the possibility of an iso- 
lated inter-arterial septal defect was not definitely ex- 
cluded. This patient manifested cyanosis only on ex- 
ertion. The patient with isolated pulmonic stenosis 
showed a markedly prolonged retention of diodrast in 
the right ventricle and no evidence of septal defect. The 
diagnosis of patent interventricular septal defect \vas 
based primarily on the history and character of the 
murmur. 

RESULTS 

A total of 22 sets of determinations was done in 
the 7 cases of tetralogy of Fallot, 2 sets of determi- 
nations each in the case of the Eisenmenger com- 
plex and in the case of coarctation of the aorta. 
Single sets of determinations only were obtained 
in the cases of septal defect, congenital mitral 
stenosis, patent ductus arteriosus, and in isolated 
pulmonic stenosis. 


TABLE II 


Miscellaneous Congenital Heart Disease 


Case 

No. 

Diagnosis 

Age 

Obs. 

wt. 

Date 

1946 

Hct. 

Hemo- 

globin 

Hb. 

Plasma 

protein 

Plasma 

protein 

Plasma 

volume 

Cell 

volume 

Blood 

volume 

Comments 




kgm. 


per 

cent 

grams 

grams 

grams 

grains 


{■HI 

llllll 






per 

per 

per 

per 








100 ml. 

kgm. 

cent 

kgm. 





209 

Isolated pul-_ 
monic stenosis 

22 jTs. 

57.7 
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The results are given in detail in Tables I and II. 
A comparison of the plasma and red cell volumes 
in the various conditions is given in Figure 1. 
Our findings, contrary to those of previous in- 
vestigators, indicate that the plasma volume is not 
significantly or consistently reduced in the tetral- 
ogy of Fallot. 

The highest Lvalue for the total blood volume was 
14,900 ml. (259 ml. per kgm.) found in the first 


determination in Case 208. To our knowledge, 
this is the largest blood volume reported in this 
disease, although Hallock (9) reported a case of 
polycythemia vera with a blood volume of over 18 
liters. This case (No. 208) is of additional in- 
terest because of the dramatic response to bed 
rest, the blood volume dropping progressively from 
over 14,900 ml. to 6,300 ml. in a period of 2 
months (Figure 2). This occurred without an}' 
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hemorrhage and without clinical evidence of he- 
molysis. This decrease, while primarily due to a 
drop in the red cell volume, was accompanied by a 
drop in the plasma volume and total protein. This 
same tendency is also seen in Case 205, although 
the number of observations in this case is limited. 

The highest total blood volume per kilogram 
was seen in Case 212. This child showed the most 
severe clinical picture of those surviving in the 
group. He manifested maximum c)'anosis, ex- 
ertional dyspnea, and cardiac enlargement. His 
initial blood volume was 4,215 ml. (307.7 ml. per 
kgm.), and a second determination some 2 weeks 
later showed a value of 5,268 ml. (428. 3 ml. per 
kgm.). 

Initial values for plasma volume ranged from 
51.4 to 80.3 ml. per kgm. These are 20 to 92 per 
cent above standard level as based on the patient’s 
observed weights. Five of the patients were under- 
weight at the time they were studied. We have 
found that in such individuals, plasma and cell vol- 
umes are more accurately predictable on the basis 


of optimal or usual weight. When the initial 
plasma volumes are calculated on this basis, the 
values in 4 of the 7 cases are almost exactly equal 
to the predicted or standard values. The remain- 
ing 3 cases (Nos. 204, 205, and 208) show values 
111, 121, and 147 per cent, respectively, of the 
predicted levels. On tlie other hand, all of the 
patients showed strikingly increased cell volumes 
w'hich varied from 104.9 to 294.3 ml. per kgm. 
These values are from 269 to 998 per cent of 
standard on an observed weight, and 220 to 639 
per cent on an optimal or usual weight basis. 
Calculation of the total circulating hemoglobin re- 
vealed high values consistent with the elevated 
total cell volume. The initial values varied from 
28.7 grams per kgm. to -63.1 grams per kgm. and 
represented levels which were from 242 to 764 per 
cent of the standard on an observed, and 208 to 527 
per cent on an optimal or usual, weight basis. 

Two of the cases of tetralogy (Nos. 208 and 
211) were operated upon (see case reports). Case 
208 survived only 3 days,, while Case 211 has 
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shown definite improvement. Determinations 
made postoperatively in Case 211 showed a pro- 
gressive decline in the total red cell volumes. The 
total blood volume 1 month after operation was 
only moderately increased over the standard level 
for the patient’s observed weight but showed a 
slight rise following resumption of normal activity 
(Figure 3). 

As in the tetralogy, the values for plasma volume 
in other types of congenital anomalies show varia- 
tions which are near or slightly above predicted 
standard values, except for the case of patent duc- 
tus arteriosus (Case 213) and of congenital mitral 
stenosis (Case 215) . In the latter cases, the values 
were 79.8 ml. per kgm. and 109.0 ml. per kgm., re- 
spectively, which are 189 and 259 per cent of 
standard on an observed, and 140 and 229 per cent 
of standard on an optimal, weight basis. Case 215, 
of congenital mitral stenosis, was in probable con- 
gestive failure preceding and at the time of the 
determinations. 

In contrast to the findings in the tetralogy, how- 
ever, only 3 cases showed high total red cell vol- 
umes. Again, the patent ductus arteriosus and 
congenital mitral stenosis show relatively high 
values (48.8 and 63.9 ml. per kgm.) . The 3rd ex- 
ception, isolated pulmonic stenosis, was the only 
case in which the relationship of high red cell (72 
ml. per kgm.) and relatively standard plasma vol- 
ume (44.1 ml. per kgm.) simulated that found in 
the tetralogy. 

For the most part, the relative levels of plasma 
protein were within the standard range, as were the 
calculated values for total circulating plasma pro- 
tein. Analysis of the data from the admittedly 
small number of cases fails to show any significant 
correlations between the total blood volume, red 
cell volume, total circulating hemoglobin or total 
circulating plasma protein and the hemoglobin per- 
centage and hematocrit. 

DISCUSSION 

The findings in this studj' lend support to tlic 
point of view tlmt the increased cell volume seen 
in the tetralogy of Fallot is due to a compensatory 
stimulation of the bone marrow consequent to the 
ano.xia resulting from inadequate aeration of the 
circulating blood. Of the 3 prominent factors 
whicli might play a part in the development of the 


anoxemia, it is evident from our data that the 
septal defect is the least important. Thus, 2 of the 
cases of isolated septal defect (Nos. 221 and 223) 
showed significantly low hemoglobin and total cell 
volumes, one case (No. 222) showed approxi- 
mately standard values, while the levels in the 4th 
case (No, 220) were only mildly elevated. The 
dextroposition of the aorta, on the other hand, 
must be considered as a possible factor, since ' it 
results in mixing of unaerated blood from the right 
side with aerated blood from the left ventricle. 
Blalock (19) has experimentally produced a simi- 
lar mixing by a pulmonary arteriovenous anasto- 
mosis following lobectomy in the dog which led to 
anoxemia and polycyihemia. 

The most important factor in the production of 
the anoxemia and the compensatory polycythemia 
and hypervolemia, as seen in the tetralogy of Fal- 
lot, is probably the presence of pulmonic stenosis. 
This impedes the flow of venous blood into the pul- 
monic artery and forces the blood to pass into the 
systemic circulation. Talbott and his colleagues 
(20) have estimated that 75 per cent of the blood 
circulating through the heart may not go through 
the lungs. In addition, the increase in viscosity is 
a striking feature in the tetralogy of Fallot. We 
found, as did Talbott and his colleagues, that the 
blood was so riscous that it was withdrawn only 
with difficulty. This must impose a real burden 
upon the myocardium. 

The combined action of tliese various factors re- 
sults in a chronic anoxemia which resembles that 
seen in residence at high altitudes (21). The re- 
sulting polycythemia and hypervolemia are, in 
general, conditioned by the degree, duration, and 
continuity of the anoxic stimulus. As long as there 
is a marked discrepancy between the demands for 
oxygen by the tissues and the amount of oxygen 
furnished to them by tlie circulating blood, tlie 
stimulus continues to operate and tlie level of cir- 
culating red blood cells remains high. In spite of 
the increased hemoglobin level, tlie oxygen satura- 
tion in many patients is at a critical level of alx)ut 
60 per cent. At this level, whicli corresponds to 
an oxygen saturation similar to that seen at an 
altitude of 4 miles, tlie margin of safety is small 
(19 and 20). The stimulus will be v.eakc.ned 
when cither the demand for o.xygcn is decreased 
or the supply increased. Prolonged bed rest thus 
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leads to a lessening of the stimulus and a decrease 
in tlie polycythemia. Likewise, tlie improvement in 
blood flow to the lungs and consequent increase in 
the oxygen supply to the tissues brought about by 
the Blalock procedure results in a decrease in the 
stimulus and in the polycythemia. The absence of 
significant polycythemia and hypervolemia in the 
Eisenmenger complex (Case 210) is to be ex- 
pected on this basis, since in this patient much less 
venous blood passes into the aorta directly or by 
way of the septal defect ; a greater portion enters 
the relatively wide orifice of tlie pulmonary artery 
to be oxygenated by the lungs ; less cyanosis is ob- 
served, and in general the cardiodynamics more 
nearly approach the normal. In the same manner, 
no marked polycythemia or hypervolemia is found 
in patients with ventricular septal defects (Cases 
220, 221, 222, and 223), since there is no flow of 
blood from the right to the left ventricle unless 
left ventricular failure is present. These patients, 
therefore, do not have arterial undersaturation and 
there is no stimulus to bone marrow from anox- 
emia. It is difficult to reconcile the finding of an 
increased red cell volume in isolated pulmonic 
stenosis (Case 209) with the fact that the arterial 
blood would not be expected to be undersaturated 
in this condition. However, the similarity of the 
plasma and cell volume changes in our cases of iso- 
lated pulmonic stenosis and Fallot’s tetralogy sug- 
gests a possible similar etiological basis for the 
hypervolemia in these 2 diseases. We cannot ex- 
plain the increase in plasma and cell volume in the 
case of patent ductus arteriosus. 

The fact that the chronic anoxemia of the tetral- 
ogy of Fallot does not modify the erythropoietic 
activity permanently is of interest. Hurtado, Mer- 
ino, and Delgado (21) have shown that normal in- 
dividuals who have lived since birth at high alti- 
tudes and are brought down to sea level, show after 
some time, blood characteristics similar to those 
found in normal individuals who have always lived 
at sea level. Similarly, decrease of the anoxemia 
in patients with tetralogy by bed rest or the Bla- 
lock procedure results in a gradual cliange towards 
the blood picture found in the so-called “normal” 
individual. The fate of the red blood cells involved 
in this decrease awaits further study. The rela- 
tively gradual change and the absence of clinical 
icterus suggests that the superfluous red cells al- 
ready in circulation are being destroyed while 


fewer red cells are being elaborated by the bone 
marrow. 

The effectiveness of tlie polycythemia in the 
tetralogy seems to lie in the fact that it enables the 
patient to meet his resting needs for oxygen al- 
though it may not provide for much margin of 
safety. The large volume of viscous blood, how- 
ever, imposes a rather severe strain on the heart 
which usually eventuates in congestive heart fail- 
ure in the patient surviving to the 3rd or 4th dec- 
ade, as cardiac reserve diminishes. 

These studies are being continued. It would 
seem desirable to know much more about the un- 
derlying physiological adaptations of the circula- 
tion and respiration in congenital heart disease. 
Since among the most marked changes are those 
which occur in red cell volume, it would be of 
value to check further the validity of the dye- 
hematocrit method in these conditions by the car- 
bon monoxide or radioactive-iron techniques. 
The material gathered to date, however, indicates 
the possible usefulness of blood volume determina- 
tions in supplementing the usual tests for the 
differentiation of the various types of congenital 
heart disease. The presence of an absolute eryth- 
rocytosis, as indicated by a significant increase in 
red cell volume without significant change in the 
plasma volume, should be interpreted as suggestive 
of the presence of pulmonic stenosis. The serial 
determination of the blood volume and total cir- 
culating hemoglobin should also serve as a valu- 
able aid in indicating the optimal time for 'surgery 
and as a measure of the beneficial effects of surgi- 
cal procedures. 

CASE REPORTS 

I. No. 208, W. M., 22 years 

This patient gave a history of having been blue and 
having had clubbing of the fingers and curved nails since 
early childhood. Relatives stated he had been blue since 
birth. He had severe dyspnea and many dizzy and faint- 
ing spells occurring on slight exertion. He had an acute 
thrombophlebitis followed by chronic leg edema and ul- 
ceration in 1943. This responded well to treatment con- 
sisting of elimination of arterio-spasm by lumbar sym- 
pathetic blocks and compression dressings of elastic 
bandage or Unna's paste. In 1945 a high-low ligation for 
superficial varicosities was done on the right, after 
which the low incision healed very slowly. He ■was also 
admitted on one occasion with a. diagnosis of “psychotic 
personality” and “gastric neurosis.” 
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Physical examination on various admissions showed a 
fairly well developed adult white male. The skin was of 
a dusky blue color particularly marked in the ears and 
face. On exertion the cyanosis became more intense. 
No resting dyspnea was present, but exertional dyspnea 
was marked. Three-plus clubbing of the fingers and 
watch-crystalling of the nails was present Examina- 
tion of the chest revealed a loud precardial systolic mur- 
mur maximal over the pulmonic area. A systolic thrill 
over the same area was present A 6-foot heart plate 
showed a pulmonary conus concavity and a small aortic 
knob. Electrocardiogram showed pronounced right axis 
deviation, and cardiography showed delay in right ven- 
tricle emptying. The aortic arch and descending aorta 
were demonstrated to be on the left when barium was in- 
troduced into the esophagus. Circulation time arm-to- 
tongue was 7 seconds with calcium gluconate. Determi- 
nation of circulation time with ether in this patient re- 
sulted in a measurement of arm-to-face circulation time of 
3.1 seconds as evidenced by severe burning of the face. 
The failure of this patient to smell the ether at any time 
after injection suggests that the amount of blood going to 
his lungs was very small as compared to his total blood vol- 
ume. Arterial oxygen content was 18.35 per cent and ve- 
nous 11.29 per cent. Venous oxygen capacity was 27.28 
per cent. Venous pressure was 132 mms. of citrate; 
R.B.C.’s varied from 8 to 10 million. Other blood find- 
ings are given in Table 1 and Figure 2. Liver and kidney 
function tests were normal. 

Treatment with semi bed rest from January to March, 
1946, resulted in some improvement in exertional dyspnea 
and cyanosis, and resting cyanosis diminished. Attempted 
anastomosis of the right subclavian-pulmonary artery on 
May 9, 1946, by Dr. Alton Ochsncr, OTS unsuccessful be- 
cause of the relative shortness of the subclavian artery. 
Following 6 weeks of intermittent right carotid compres- 
sion, anastomosis of the right common carotid-right pul- 
monary artery by the Blalock method was performed by 
Dr. Ochsncr. Following this, the patient’s cyanosis di- 
minished for a few hours. He developed a left hemiplegia, 
however, and expired on the 3rd postoperative day. 

II. No. 211, M. C., 6 years 

The essential history on this boy, obtained from his 
mother, was that he had been blue since birth. The blue- 
ness was intensified by even slight exertion. He became 
short of breath upon slight exertion and as he became 
older had “falling out” spells on attempting exercise, such 
as running or climbing stairs. His mental development 
was normal and his physical development somewhat re- 
tarded. Positive physical findings were: (I) moderately 
underweight; (2) increased duskiness of face, cars, lips, 
finger-nails, markedly exaggerated on crying; (3) marked 
clubbing and watch-crystalling of fingers and toes; (4) 
loud prccordial systolic murmur maximal over pulmonic 
area; (5) right axis deriation and sinus tadycardia on 
EC.G. ; and (6) R.B.C. of 6 to 8 million. 

Tills patient was obserwed and treated with bed rest for 
a period of 2 months, during which time there was ro 


change except questionably slight improvement of his 
exertional dyspnea. He, at no time, had findings suggest- 
ive of congestive failure. On July 23, 1946, a Blalock 
type anastomosis was done by Dr. Ochsner between the 
right subclavian and the right pulmonary artery. Im- 
mediate slight improvement in cyanosis resulted at this 
time. Little blood having been lost during the operation, 
it was thought advisable, in order to decrease the blood 
viscosity and because of danger of dotting, to withdraw 
150 ml. of blood. Withdrawal of this amount caused the 
patient to go into severe secondary shock which was 
quickly overcome by re-administration of the blood. 

The patient's convalescence was uneventful. Only a 
trace of finger and toe clubbing and watch-crystalling re- 
mains. At present he has no resting cyanosis and only 
slight exertional lyanosis. His exercise tolerance is much 
improved, his blood volume has dropped as previously 
noted (Figure 1). However, no murmur except the pre- 
viously present pulmonic murmur can be heard. 

The prompt secondary shock sustained by this patient 
when, following Blalock’s suggestion (19), 150 ml. of 
blood was withdrawn postoperatively, raises the question 
as to the desirability of bleeding in these cases. There 
seems to be no reason to anticipate a sudden shrinkage of 
the vascular capacity so as to produce increased viscosity 
and dotting. In fact, as Blalock has reported and we have 
found, the changes towards “normal” occur gradually 
over a period of weeks. It is more likely that the trauma 
of the relatively long operation produces a widespread 
dilatation and temporary enlargement of the vascular bed, 
which certainly provides an adequate factor of safety dur- 
ing the early postoperative period. 

summary 

1. Plasma, red cell, and total blood volumes, 
total circulating hemoglobin, and plasma protein 
were studied in 7 cases of the tetralog>‘ of Fallot. 
4 cases of isolated interventricular septal defect, 
and 1 case each of probable Eisenmenger comple.x, 
isolated pulmonarj- stenosis, coarctation of the 
aorta, congenital mitral stenosis, and patent ductus 
arteriosus. 

2. All patients with tctralogj’ of Fallot and the 
case of pulmonic stenosis showed a markedly in- 
creased blood volume due primarily to an increase 
in total red cell volume. Hematocrit and hemo- 
globin levels were also high. Plasma volume was 
at, or slightly above, standard levels. 

3. Bed rest and production of a new shunt by 
tlic Blalock procedure in 2 cases resulted in a 
gradual decrease of red cell volume toward stand- 
ard values. 

4. Blood volumiC was a: approxim.atcly standard 
levels in the cases of intcrvcntri.c'ular scpLal de- 
fect, Eiscnm.engcr complex, and coarctation of the 
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aorta. The cases of congenital mitral stenosis and 
patent ductus arteriosus showed high blood vol- 
umes due to increases in plasma volume as well as 
red cell volume. 

We are grateful to Miss Genie Burt and Dr. Blanche 
Jackson for their assistance and to Drs. V. Platou and 
Qarence T. Rae for their cooperation. The patients were 
hospitalized at Charity Hospital and Touro Infirmary. 
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When a patient with renal disease is found to 
have a concentration of urea in his blood that is 
higher than usual we would like to be able to derive 
from the degree of increase in concentration some 
idea as to the degree of decrease in the urea-ex- 
creting function of his kidneys. In the individual 
patient this cannot safely be done. True, when 
we plot the blood urea concentrations of a large 
number of patients against their urea clearances, 
a general relation does emerge (1, 2). However, 
in any one of such a group of patients the predic- 
tion from concentration to clearance may fall 
dangerously far from the truth. This is inevitable 
because the concentration of urea in the body is 
determined not only by how much urea runs out 
of the system through the kidneys but also by how 
much urea runs into it from the liver. When more 
runs out than runs in, the concentration falls to 
a lower level which is maintained as long as the 
discrepancy persists. When more runs in than 
runs out the concentration level rises and remains 
high as long as the excess of in-flow over out-flow' 
continues. Unlike salt, the concentration of urea 
is confined within no narrow zone of variation by 
any regulatory mechanism. Urea is a substance 
to which the body is chemically and physically in- 
different. It is an end product of protein metab- 
olism and participates in no chemical reactions. 
E.xcept in the kidney it has no osmotic effect be- 
cause it is distributed evenly through the water of 
all organs and tissues. So we need not be sur- 
prised when we find, as we do, that there is a wide 
scatter in the urea concentrations in the blood of 
normal individuals (3, 4). In spite of wholly 
normal renal function we shall continue to find this 
high variability until we make measurements on 
normal subjects who are taking the same amounts 
of protein in their food ; and in our patients, whose 


renal fimction is not normal, "we shall not be able 
to derive reliable judgments as to the renal signifi- 
cance of our blood urea determinations imtil we 
know their food protein consumption and can ex- 
clude any pronounced deviation from the usual rate 
of endogenous protein catabolism. 

When an acutely ill patient first reaches a hos- 
pital it is generally recognized that even a quite 
high blood urea concentration cannot be. taken as 
conclusive evidence of renal failure. There is al- 
ways the chance that this may be an example of 
“extra-renal azotemia,” a term used to cover any 
sudden and pronounced increase in urea formation 
by the liver, whether the amino acids from which 
it is derived come from the gastrointestinal tract, 
as in massive blood loss into the gut, or from a 
rapid breakdown of the protein of the body itself, 
as in certain patients wth obstruction of the small 
intestine. The conditions that lead to such ex- 
plosive disintegrations of large amounts of pro- 
tein are not often found in ambulatory patients. 
In them, we may suppose, differences in the rate 
of urea formation arise mainly from differences 
in the quantities of protein they take as food. It 
is for this group, and particularly for out-patients 
with renal disease, that we might get more infor- 
mation from blood urea measurements if only we 
were able to discount this protein consumption 
rariable. That cannot be done until we measure 
the effect of variation in protein consumption on 
the blood urea concentration of normal individuals.- 

- In accordance with clinical usage we speak ot blood 
urea corxentrations although the detenninations were 
actually carried out on plasma or scrum. When whole 
blood is used the urea concentration is found to be about 
1 per cent less than in scrum because the red cells con- 
tain less water than the serum. This is true only wlsen 
the argiruise in the red cells huts been destroyed by heat, 
before the urease is added. Otherwise determinations eu 
wl'.olc blood gis'e a s-ariable plus error which we lelie-.x 
arises because the arginas-e in the red cells p.rrduceo cres 
from arginine in the urease (S). 


* This work was made possible by a grant from the 
Nutrition Foundation, Inc. 
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The data given in this paper were collected with 
that end in view. 

Method 

1. The conditions under which the observations 
were made 

The experiment was made possible through the intelli- 
gent and devoted cooperation of 2 groups of people : first, 
the 10 medical students who were the subjects, and, sec- 
ond, the student dietitians who designed and prepared 
weighed diets containing varying quantities of protein. 
The effect of 3 levels of protein consumption was studied. 
The first contained an amount of protein not much more 
than is required for nitrogen equilibrium (6). This was 
obtained by giving each subject 0.5 gram of protein for 
every kilogram of his body weight (with clothes). The 
second represented a medium protein consumption and 
provided 1.5 grams of protein per kgm. The third, a high 
protein diet, supplied 2.5 grams of protein for every kgm. 
of body weight. The subject who weighed 80 kgm. thus 
received, first, 40 grams, then 120 grams, and, finally 200 
grams of protein a day.® The calories in all cases ex- 
ceeded 2,000 a day. There was no restriction of water. 
The subjects continued with their daily work. Blood was 
collected on the 5th and 6th days of the consumption of 
eadi level of protein. On the Sth day the first blood was 
taken at 7:15 a.m, before breakfast at 7:30 a.m., then at 
11:45 a.m. before lunch at 12 noon, at 4:45 p.m. before 
dinner at 5 p.m., and at 9 :45 p.m. before going to bed at 
10 p.m. On the 6th day observations were made at 
7:15 a.m. and at 11:45 a.m. just before breakfast and 
lunch. Between each diet there was a period during which 
whatever food the subjects wanted was taken. The 0.5- 
gram level was taken first, then the 1.5, and then the 2.5- 
gram level. After a 2-momh interval the 0.5- and the 
2.5'gram diets were repeated. We thus obtained 120 
serum urea determinations on 0.5 gram, 60 on 1.5 grams 
and 108 on 2.5 grams, a total of 288 observations. 


fections \vc believe the method adequate for our purpose. 
That this is so is indicated, though not proved, by the 
general agreement between our present results and the 
results we obtained with the same method in 1940. In 
these earlier measurements the subjects were different (10 
residents and internes) but the protein variation was the 
same. Unfortunately, in 1940, blood was taken only once 
a day, so that the comparison has to be restricted to the 
measurements made at 1 1 :45 a.m. on the Sth day of each 
diet in 1941 and the measurements made at the same time 
of the Sth day in the present series. The degree of agree- 
ment is shown in Table I. 

We cannot say how much of the divergence between the 
2 sets of observations shown in Table I should be as- 
cribed to inconsistency in the technique of measurement. 
It is enough to observe that the sum of the technical and 
of all other reasons for difference do not prevent us from 

TABLE I 


Comparison of blood urea concentrations measured at 11:45 
a.m, in 1940 with concentrations measured at 11:45 a.m. 
in the present series using the same method 


1941 measurements 

Present measurements 


0.5 

1.5 

2.5 


0.5 

1.5 

2.5 


gram 

grams 

grams 


gram 

grams 

grams 

Subject 

protein 

protein 

protein 

Subject 

protein 

protein 

protein 


per j 

per 

per , 


per 

per 

per 


kgm. ] 

kgm. 

kgm. j 


kgm. 

kgm. 

kgm. 


1 

mgm. 

msm. 

mgm» 


mgm» 

mgm. 

mgm. 


i>er , 

per ' 

per 

1 

per 

per 

per 


JOOml. 

100 ml. 

100 )nl. 


100 ml,' 

100 ml. 

too ml. 

1 

19.9 

38.0 i 

43.0 

A 

18.6 

42.3 

42.5 

2 

19.9 

26.5 

39.7 

B 

15.6 

35.3 

43.4 

3 

23.2 

26.5 1 

39.7 

C 

20.0 

40.6 

45.2 

4 

19.9 

33.1 1 

34.6 

D 

26.2 

54.7 

55.8 

5 

23.2 

38.0 

39.7 

E 

18.6 

40.6 

46.9 

6 

21.5 

3.3.1 

44.7 

F 

20.4 

42.3 

44.3 

7 

23.2 

44.7 

57.9 

G 

19.1 

i 40.6 

1 43.4 

8 1 

23.2 

36.4 

1 48.0 

H 

18.2 

38.8 

43.4 

9 

23.2 

; 46.3 

53.0 

I 

22.1 

44.1 

41.6 

10 

23.2 

34.7 

46.3 

J 

18.6 

38.8 

40.7 

Average 

22.0 

35.7 

44.6 


19.7 

41.8 

44.7 


2. The method of measurement 

A urease-aeration-titration method was used (7). In 
spite of constant care and reiterated checking with known 
urea solutions we suspect that our data may be marred 
by the occasional intrusion of unsuspected technical errors. 
We have reason also to think that there is a constant 
minus eror of nearly 3 per cent arising from unavoidable 
loss in the transfer of ammonia. In spite of these imper- 

® The body weights of our subjects varied from 65 to 
S3 kilograms. Unquestionably somewhat more precise 
results would have been obtained if we had apportioned 
the protein in terms of some power of the body weight. 
The method we used is based on the not quite correct 
supposition that there is a relation of direct proportionality 
between body weight and protein requirement. We used 
-t. ii.;.. -iT\rirr,viinn?ir?(-ir\ that we 


TABLE tr 


Individual averages from observations made at all times of 
day on varying levels of protein concentration 


Subject 

1 

0.5 gram 
protein ! 
per kgm. j 

1.5 grams 
protein 
per kgm. 

2.5 grams 
protein 
per kgm. 

1 

Individual 
averages for 
the 3 
diets 

i 

mgm. per < 
100 ml. 

mgm. per 
100 ml. 

mgm. per \ 
100 ml. 

mgm. per 
100 ml. 

J I 

18.3 i 

37.8 

40.9 

32.3 

B ! 

17.6 

39.3 

40.4 

32.4 

H 

17.8 

34.9 

45.2 

32.6 

A 

17.9 

36.9 

44.4 

i 33.1 

F 

19.1 

36.9 

43.5 

33.2 

G 

19.8 

36.6 

' 44.2 

33.6 

C 

18.9 

35.8 

' 47.6 

34.1 

I 

20.3 

i 40.5 

43.0 

34.6 

E 

18.7 

39.6 

49.2 

35.8 

n 

24.4 

• 48.1 

.5fi.fi 

43.1 
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Fig. 1. The Relatiok between the Serum Urea Concentration and the Protein 
Consumption of Normal Individuals 


concluding that in both of these groups of normal sub- 
jects the blood urea concentration rises as the protein 
consumption increases and is more tlian twice as high 
on the 2.5 as on the O.S gram of protein per kilogram 
diet. 

3. The individual ZKiriability of the subjects 

There arc indications of indi\*idual peculiarities in the 
20 subjects dealt with in Table I, but no conclusion can 
be drawn from these fluctuations because the number of 


observations on each subject is too small. We can get a 
better idea as to how much one individual may difTer 
from another in his reaction to increase in protein con- 
sumption from the present scries of observations. I'or 
each subject we have 12 measurements on 05 gram, 6 on 
15 grams, and 11 or 10 on 2.5 grams of protein p-er kilo- 
gram. The averages for each individ-ual arc given in 
Table II and the pe.-centage Locrcases above tine concer-.- 
traticn on the 05-gram level are sh-r.-.-n in grarh t-.-m 
for each of the 10 subjeclt in Figure I. 
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Though every subject has an increase in concentration 
with increase in protein, these results reveal considerable 
individual differences. It does not seem to us, however, 
that the question as to the probability that these differ- 
ences arise from factors constant for each subject is one 
that our data can answer with sufficient dependability to 
give a result of practical value. For the moment it is 
enough to note that, if we take the concentration ob- 
served in each subject oq the 0.5-gram protein diet as 
100 . per cent, these normal individuals responded to the 
1.5-gram protein diet by increases in concentration that 
varied from 185 per cent to 223 per cent and from 212 per 
cent to 263 per cent when 2.5 grams of protein per kgm. 
\yas taken. 

For clinical purposes it is most important to know how 
great is tire individual variation in concentration in normal 
subjects taking the same amount of protein. This ques- 
tion is answered in the last column of Table II where we 
give the averages of 29 observations on 8 subjects, and 
28 on the other 2, at all times of day and under all diets. 
The subjects have been arranged in the order of magni- 
tude of their averages. 

In 9 subjects there is a close concordance in blood urea 
concentration, with a range of from 32.3 to 35.8 mgm. per 
100 ml. The subject D, however, has an average of 43.1 
mgra. per 100 ml. Yet he was what we call “normal,” 
that is, he considered his health good, he was working 
hard, and, in particular, was free from any sign of renal 
disease. There was nothing unusual in his reaction to 
increase in food protein, for it happens he falls close to 
the center of the stream of variation shown in Figure 1. 
It is fortunate that we happened to include this subject, 
for if some other student, who was like the rest of the 
group, had taken his place, the reported variability in 
blood urea concentration would have been narrowed. It 
is obvious that measurements of normality based on 10 
subjects have only a preliminary and tentative significance. 

RESULTS 

We neglect all variables except the change in 
protein consumption and present only the averages 
and their standard deviations on 0.5, 1.5 and 2.5 
grams oi protein per kgm. body weight. This 
means that we include the variability arising from 
the fact that the blood samples were taken at vari- 
ous times during the two 24-hour cycles within 
the variation induced by the protein. We prefer 
to merge these 2 distinguishable effects because we 
intend to use our measurements for the interpre- 
tation of the urea concentration of patients no 
matter at what time of day we take their blood. 

In Table III we give the averages and their 
standard deviations. In Figure 2, the averages are 
plotted against the protein consumption and the 
area lying betw'een the averages plus or minus 
twice the standard deviations is indicated. This 


TABLE III 

Averages and variahililics of blood urea concentrations on 
varying and on all levels of protein consumption 


1 

Food protein consumption 

All 

observa- 
tions on 
all 3 diets 

0.5 

SNam 
protein 
per kern. 

1.5 

grama 
protein 
per kgm. 

grams 
protein 
per kgm. 


msm. 


mgm. 

mgm. 


tier 

per 

per 

per 


100 mt. 

100 mt. 

100 ml. 

100 ml. 

Average blood urea con- 





centration 

19.3 

38.6 

45.5 

33.1 

Number of observations 

120 

60 

108 

288 

Standard deviation 

2.9 

7.1 

7.2 

13,3 

Standard error 

0.27 

0.91 

0.69 

0.78 



per cent 


Coefficient of variation 

15.2 1 

18.3 

15.7 

40.1 


area is delimited by lines because we want to use 
it for the interpretation, from blood urea concen- 
tration measurements, of the renal status of pa- 
tients who are taking any quantity of protein be- 
tween 0.5 and 2.5 grams per kgm. The lines are 
broken in order to indicate that when the protein 
consumption is other than 1 of the 3 quantities at 
which our measurements were made we are deal- 
ing with assumed and not with measured vari- 
abilities. 


0 0.5 1.5 2.5 



Food Protein Consumption sm. per klla body-wgt 

Fig. 2. The Relation between the Serum Urea 
Concentration and the Protein Consumption of. 
Normal Idividuals 




RELATION OF SERUM UREA CONCENTRATION TO PROTEIN CONSUMPTION 


873 


DISCUSSION 

The average of all the 288 measurements is 33 
mgm. ■ Of these 95 per cent lie between 7 mgm. 
and 60 mgm. of urea per 100 ml. of blood. This 
result is in conformity with what has already been 
observed (4, 5). All it does is to demonstrate, 
more precisely than before, how wide is the vari- 
ability in the concentration of urea in the blood 
of apparently healthy young adults who present 
no evidence of any defect in renal function. If 
this were all, we should have to conclude that, 
even for ambulatory patients with renal disease, a 
measurement of blood urea concentration was of 
little value, apart from its use in revealing the more 
extreme degrees of renal failure. 

Now, however, the effect of variation in pro- 
tein consumption has been measured in normal 
individuals. As we go from 0.5 to 1.5 to 2.5 grams 
of protein per kgm. their blood urea concentration 
rises from 19 to 39 to 45 mgm. per 100 ml. At 
each of these levels of protein consumption the 
variability is much lower than the 40 per cent co- 
efficient of variation that characterizes the whole 
series. It is reduced to 15 per cent at 0.5 gram, 
18 per cent at 1.5 grams, and 16 per cent at 2.5 
grams. This means that we now have measure- 
ments on which we can base our clinical judgments 
with greater assurance. 

The prerequisite for the use of these standards 
is a knowledge of the quantity of protein the pa- 
tient takes. But this is what is already known by 
everyone who believes that the protein consump- 
tion of a patient witli renal disease is an impor- 
tant factor in his treatment. Many of our patients 
are living on self-measured diets that contain 0.5 
gram of protein per kgm. We have reason to know 
that these measurements have a reasonable preci- 
sion. That is a matter that can be verified by pe- 
riodic determinations of their rate of urea excre- 
tion. If, in such a patient, we find a blood urea 
concentration of 40 mgm. per 100 ml. we can be 
almost certain that he has a urea clearance well 
below normal. We know that because in Figure 1 
we see that on 0.5 gram of protein per kgm. only 
about 2 per cent of people with unimpaired renal 
function have urea concentrations tliat exceed 25 
mgm. |>cr 100 ml. If, as the months and years 
go by, while the same diet is maintained, we find 
this patient's concentration rising from 40 to 50 to 


60mgm., or falling from 40 to 30 to 20 mgm., we 
now have some warrant for the supposition that his 
urea clearance has changed in an approximately 
proportionate inverse manner. 

Whatever average quantity of protein a patient 
loses in his urine is added to his diet. In some this 
may amount to 10, in others to 15 and in still 
others to 20 grams of protein a day. Thus the 
protein taken by an 80-kgm. patient may be in- 
creased from 40, to 50, to 55 or to 60 grams of 
protein a day, that is from 0.5 to 0.63, to 0.69, to 
0.75 gram of protein per kgm. In such patients 
there are reasons, and some of them are more 
than statistical, why we cannot have the same as-' 
surance in the interpretation of urea concentra- 
tions measured at levels of protein consumption 
other than those at which our determinations were 
made. Until we have more extensive information, 
however, our best guess is to assume smooth 
curves beriveen the measured points in Figure 1. 
Then, if a patient is taking 0.75 gram of protein 
per kgm., we shall be guided in the estimation of 
the urea-excreting function of his kidney by the 
supposition that, with unimpaired function, the 
average concentration would be 25 mgm. and that 
in only 2 per cent of all such instances would the 
concentration be more than 33 mgm. per 100 ml. 

In theory, we can now predict the urea clear- 
ance of any ambulatory patient whose protein 
consumption is known. In practice, however, we 
have to remember that 10 medical students are 
not an adequate sample of all people whose renal 
function is supposedly intact. More than that, the 
theory' involves the assumption that the rate and 
variability of "endogenous" protein catabolism in 
patients with renal disease is similar to that which 
e.xisted in our normal sample. That is a supposi- 
tion that has never been tested. Nevertheless we 
find these normal standards useful, even though 
we are aware that our "predictions" are not much 
more than clinical judgments, influenced in an 
indeterminate manner by considerations arising 
from a concrete knowledge of the particular cir- 
cumstances tlrat surround cadi one of our patients. 

CONCLUSIONS 

1. The average of ZSS determinations of the ure.* 
concentration in the blood of 10 medical students 
was 33 mgm. per lOO ml. The range of •.ariaticn 
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that included 95 • per cent of the measurements 
went from 7 to 60 mgm. of urea per 100 ml. 

2. When the subjects took 0.5 gram of food pro- 
tein per kgm. body weight the average of 120 blood 
urea concentration determinations was 19 mgm. 
per 100 ml., and 95 per cent lay between 13 and 25 
mgm. per 100 ml. On a diet containing 1.5 grams 
of protein per kgm. tlie average of 60 determinations 
was 39 mgm., and 95 per cent fell between 25 and 
53 mgm. per 100 ml. When 2.5 grams of pro- 
tein per kgm. was taken, the average of 108 deter- 
minations was 45 mgm. and the same proportion 
was included in a range from 31 to 60 mgm. per 
. 100 ml. 
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In the preceding paper (1) it is shown that the 
blood urea concentration of subjects with intact 
renal function increases as their protein consump- 
tion increases. The conclusion is drawn that a 
relatively dependable inference from urea concen- 
tration to renal function requires a knowledge of 
the amount of protein a patient is taking and, in 
addition, a clinical situation that warrants us in 
excluding any sudden and pronounced increase in 
protein catabolism. In general, this second re- 
quirement is met when we deal with ambulatory 
patients, but at the first visit of every new patient 
the first requirement is lacking. Under the cir- 
cumstances it would be well if we could measure 
some substance, other than urea, the concentration 
of which is uniquely determined by the functional 
capacity of the Iddney. Unlike urea, this substance 
should have a rate of formation that is constant and 
that is unaffected by variation in food consumption. 
Creatinine may be such a substance. Its rate of 
flow into the blood stream is said to depend on the 
rate of transformation of creatine into creatinine 
(2). Its rate of excretion is independent of the 
amount of food protein that is eaten (3) and re- 
mains the same whether the muscles are active or 
at rest (4) . We have therefore measured the \^ri- 
abilit^' of serum creatinine concentrations in indi- 
viduals without proteinuria whose renal function 
was presumably unimpaired. 

METHOD 

1. The conditions under zuhich the observations 
zi'crc made 

The same subjects, the same diets, the same blood col- 
lections were used for the serum creatinine as for the 
blood urea concentration measurements (1). But vs-ithin 
this identity of conditions there is concealed a difference 
that exists for creatinine but not for urea. At all levels 
of protein intake the food was devoid of preformed urea, 
but it was not free from preformed creatinine, ^\'he^ OS 

>This work was made possible by a prant from the 
Xutrition Foundation, Inc. 


gram of protein per kgm. was taken there was no meat 
in the diet and so the food was creatinine-free. But on 
the 1.5-gram and still more on the 2.5-gram level there 
was an increasing consumption of meat, fish, and chicken. 
In cooking, some of the creatine of muscle is converted 
into creatinine, in an amount that varies, presumably, 
with time, temperature, and pH (5). Since the unal- 
tered creatine of the meat does not appear in the urine 
as creatinine (6) and since an increase in protein con- 
sumption does not increase creatinine excretion (3) we 
may derive from the 24-hour rates of creatinine excretion 
of our subjects an indication as to the quantity of cre- 
atinine formed from creatine in cooking. These rates 
are given in Table I. 

TABLE I 

Rate of creatinine excretion on a creatinine-free diet (fi.S gram 
protein per kgm.) and on diets containing increasing 
amounts of cooked muscle tissue (1.5 and 3.5 grams 
protein per kgm. body sveight) 

Averages from groups of 10 subjects. Rates corrected 
for a body weight of 70 kgm. 



0,5 gram 1 
per kgm. ! 
creatmiae | 

1.5 grams 
per kgm. 
creatinme 

2.S grans 
per kgn. 
creatinine 


7nzrt,fer 24 hours 

1940 observations 

1638 

1766 

1903 

Present observations 

1597 

1743 

1835 


If we take the average of both rates of creatinine e.x- 
cretion on the 0.5-gram diet as representing the endo- 
genous creatinine, we note in Table I that this is in- 
creased by 137 mgm. on the 1.5-gram and by 252 mgm. on 
the 2.5-gram protein diet. This increase we may reason- 
ably attribute to the addition of exogenous creatinine 
formed in cooking. The point is worth mentioning be- 
cause it may seem unfortunate that the conditions we 
chose for our observations include a variable thjit may 
prevent us from obtaining a true measure of the variabilitj* 
of scrum creatinine concentrations in normal individuals. 
This would be true enough if the variabilitv- determina- 
tion were our end, instead of being a means to cur end 
of establishing a standard of r.orm.aIity for new patients, 
many of whom will certainly have taken varjnng amounts 
of cooked meats before we sec Leem. 

With the exception of the 9;-5 pm. ccl'ettien, blood 
was drawn just before brcalu'asL lunth, and dinner, tlnat 
is to say at as long a period as possible since Coe pre- 
ceding meal. Preformed creatinine is r3;idly excreted 
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and so the maximum increase in serum creatinine con- 
centration may have occurred before we got our blood 
samples. We measured the serum creatinine concentration 
in 32 nurses about an hour to an hour and a half after 
a lunch that contained Soup and meat. The average con- 
centration was 0.98 mgm. per 100 ml. The average ob- 
tained in 16 nurses who had taken no soup or meat was 
0.91 mgm. per 100 ml. From the standard errors of these 
means it was calculated that such a difference would 
arise from chance in about S of every 100 repetitions of 
the experiment. It is thus probable that a somewhat 
greater variability than the one we report in Table IV 
would have been found if we had made our observations 
at times other than those we selected. 

We shall restrict ourselves to the present series of 
observations in determining the variability of serum cre- 
atinine concentrations. The group involved ^vas dis- 
tinguished from the 1940 group by the fact that one of 
-the subjects was a woman. Though the point has never 
been established beyond reasonable doubt there is some 
indication that creatinine concentrations are a little 
lower in women than in men (7). In our series we have 
257 observations on our 9 male subjects and 29 on E, 
our single woman subject. The mean for the men was 
1.03 mgm. per 100 ml. and for subject E 0.95 mgm., but, 
from the standard errors of these means, it can be shown 
that the difference between them might readily arise by 
chance. We conclude that, for our particular purpose, we 
may include subject E and use the total variability in 
judging the significance of observed concentrations in 
both male and female patients. 

2. The method oj measurement 

The photoelectric cell has facilitated the measurement 
of the color of creatinine picrate but even so the order 
of precision is not high for normal serum creatinine con- 
centrations. When tungstate filtrates are used, the color 
is so faint that the limit of capacity of the photoelectric 
cell in the Evelyn colorimeter is approached. In 1940 we 
used the standard Folin Wu method (8) except that we 
used an Evelyn instead of a Duboscq colorimeter. In the 
present series of observations 2 modifications were intro- 
duced. We took note of Peter’s (9) statement that a 1.175 
per cent solution of purified picric acid was preferable 
to the saturated solution usually used. At the suggestion 
of Phillips (10) all the reagents were brought to the 
same temperature before the reaction was started in a 
water bath that varied between 24.5° and 26.2° C., and 
this temperature was maintained until the color was read 
exactly 10 minutes after the reaction was initiated. When 
we compare those of the 1940 measurements with those 
of the present measurements which are strictly comparable 
it becomes clear that there is a difference between them 
which we can attribute only to these changes in technique. 

The difference becomes apparent when we use the in- 
formation given in Table IV. All of the examples of our 
present measurements fall within the range given by the 
average, 1.02 mgm., plus and minus twice the standard 
deviation of 0.118 mgm.; but 5 of the 29 measurements 


TABLE n 

Comparison of serum creatinine concentrations measured in 
1P40 with concentrations measured in the present 
series in serum taken at the same time on 
the Sth day of each diet 


1940 measurements 

1 

Present measurements 


1 

0.S 1 

J.S 

2.5 


0.5 

1.5 

2A 

Sub- 

ject 

gram i 
protein 
per kgm. 

grams 
protein 
per kgm. 

grams 
protein 
per kgm. 

Sub- 

ject 

gram 
protein 
per kgm. 

grams 
protein 
per kgm. 

grams 
protein 
per kgm. 


wrm. per 100 ml. 


mem. per 100 ml. 

1 

0.99 

1.05 

0.99 

A 

1.05 

0.90 

1.07 

2 

1.23 

1.28 

1.19 

B 

1.19 

1.22 

1.09 

3 

1.12 

I.IS 

1.13 

C 

0.99 

1.15 

1.14 

4 

1.05 

1.06 

0.97 

D 

1.06 

1.13 

1.15 

5 

1.20 

1.20 

1.07 

E 

0.89 

1.02 

0.95 

6 

1.10 

1.15 

1.07 

F 

1.15 

1.09 

1.05 

7 

1.07 

1.15 

1.05 

G 

0.92 

1.05 

1.02 

8 

1.36 

1.32 

1.21 

H 

0.96 

i 1.00 

i 0.99 

9 

1.30 

1.32 

1.24 

I 

1.01 

1.07 

1.13 

10 


1.12 

0.99 

J 

0.95 

0.93 

1.01 


made in 1940 exceed 1.26 mgm., which is the upper limit 
of this range. For our purpose this is important because 
it is apparent that the standard we have set up is appli- 
cable only to measurements made with the particular tech- 
nique we have described. 

We have made these color determinations because we 
believe they measure creatinine. But if all we have been 
doing is to determine the variability of a color produced 
by various unknown chromogens there is no reason that 
we should suppose the resulting color to have any neces- 
sary reference to the kidney nor need there be any pro- 
priety in our proposal that we should take an increase in 
this color as a ground for questioning renal creatinine- 
excreting capacity. What direct evidence we have on 
this point, though of necessity it is neither statistically 
convincing nor wholly conclusive, is due to the develop- 
ment by Miller and Dubos (11) of 2 bacterial enzyme 
systems that specifically destroy creatinine. Having found 
an average serum or plasma “creatinine” concentration of 
1.09 mgm. per 100 ml. in IS normal individuals, they ob- 
served that these enz 3 mies did away with a color equiva- 
lent to that produced by 0.99 mgm. of creatinine per 100 
ml. There is so little difference between 1.09 and 0.99 
mgm. that we are left free to suppose that all of the 
color might have been due to creatinine - But, however 
that may be, our principal reason for confidence in a re- 
lation between the color and renal function is the indirect 
evidence provided by the, for the most part, unrecorded 
experience of a multitude of clinicians who have watched 

- It should be noted that in the serum of uremic pa- 
tients Miller and Dubos found that not all of the color - 
could be accounted for by creatinine (12). If this is 
confirmed we shall have to remember that at the higher 
levels of creatinine retention we cannot expect any direct 
relation between the degree of renal failure and the de- 
gree of the color we measure. 
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the “creatinine” concentrations of their patients’ sera 
gradually rise as the functional capacity of their kidneys • 
slowly fell. 

3. The individual variability of the subjects 

In Table III we give the averages for each subject, 
derived usually from 12 determinations on the O.S-gram, 

6 on the 1.5-gram and 12 on the 2.S-gram level of pro- 
tein consumption. The averages for each subject for all 
3 diets is given in the last column of this table, arranged 
in order of ascending magnitude. There is a gradual in- 
crease from 0.93 mgm. to 1.10 mgm. per 100 ml. and no 
one subject stands out as singular. Subject D, whose 
blood urea concentration was so high relative to the 
others (1), falls here well within the range of individual 
variation. 


TABLE IV 


Averages ani variabilities of serum creatinine concentrations 
on varying and on all levels of protein consumption 



1 Food protein consumption 

OJ 

gram 

protein 

per 

kgzn. 

1-5 

grams | 
protein j 
per 
kgm. 

2.5 

grams 

protein 

per 

kgm. 

iUl 

observa- 

tions 

1 on all 

1 3 diets 



mgm» Per XOO ml. 


Average serum creati- 

1 




nine concentration 

1.020 

1.020 

1.030 

1.020 

Number of observations 

no 

60 

116 

286 

Standard deviation 

0.126 j 

0.123 

0.106 

0.118 

Standard error 

0.012 ! 

0.016 

0.010 

0.007 



per cent 


Coefficient of variation 

12.4 

12.1 

i 

10.3 

j ll.S 


TABLE III 

Individual average serum creatinine concentrations from 
observations made at all times of day on varying 
levels of protein consumption 


Snb- 

iect 


Food protein consumption 


0^ gram 

grams 

2.5 grams 

Individual 


protein 

protein 

protein 

averages for 


perfcgm. 

per kgm. 

per kgm* 

1 the 3 diets 

G 

0.92 

rngm, fej 

' 0.92 1 

■ 100 ml. 

0.9S 

1 0.93 

H 

0.96 

0.88 

0.94 

0.93 

E 

0.91 

0.96 1 

0.99 

0.95 

J 

1.05 

0.98 

0.98 

0.98 

A 

1.06 

1.03 

1.01 

1.03 

B 

1.08 

1.01 

1.05 

1.05 

C 

1.07 

1.11 

1.09 

1.09 

D 

1.07 

1.14 

1.08 

1.09 

F 

1.13 

1.04 

1.08 

1.09 

I 

1.05 

1.13 

1.13 

1.10 


RESULTS 

The measurements given in Table IV show quite 
decisively that variation in protein consumption 
has no effect in the serum creatinine concentration. 
Our standard can therefore rest on all the 286 de- 
terminations. The average is 1.02 mgm. per 100 
ml. and the standard deviation is 0.1 IS mgm. If 
we add twice the standard deviation to the average 
we have an upper range from 1.02 to 1.26 mgm. 
within which all but about 2 per cent of determina- 
tions will lie unless some other factor intcrv’cncs 
that did not exist in the subjects or in the condi- 
tions that we obser\-cd. The nature of the factor 
remains, of course, a question for clinical judg- 
ment 


DISCUSSION 

Figure 1 contrasts the behavior of creatinine 
and urea as the protein consumption of normal in- 
dividuals is increased. 

With creatinine-concentration measurements we 
are delivered from the effect of a variable that 
obscures the significance of the urea or non-pro- 
tein nitrogen determinations. We thus have a 
measure that we can use with assurance in the nu- 
merous clinical situations in which we have no pre- 
cise information as to the rate of urea formation. 
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CONCLUSIONS 

1. The average of 286 determinations of cre- 
atinine concentration in the serum of 10 medical 
students was 1,02 mgm. per 100 ml. The range of 
variation that included 95 per cent of the measure- 
ments extended from 0.78 mgm. to 1.26 mgm. per 
100 ml 

2. Variation in protein consumption from 0.5 
to 2.5 grams protein per kgm. body weight had no 
effect on the serum creatinine concentration. 

We are indebted to Dr. Horace Gray for advice and 
help in the statistical treatment of the data. 
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In our ttvo preceding papers (1, 2) we have 
given measures of the variability of blood urea and 
serum creatinine concentrations in normal indi- 
viduals who were taking known amounts of food 
protein. These standards have been found useful 
in forming an opinion as to the renal status of am- 
bulatory patients with proteinuria. As time goes 
by and successive measurements are made we are 
able to Judge the direction of change in the func- 
tional capacity of their kidneys. Such data are of 
primary clinical value because they are elements in 
the more complex Judgments on which therapeutic 
decisions depend. But our own experience has 
forced us to conclude that these methods require 
supplementation by some procedure more in con- 
sonance with ths immediate and practical require- 
ments of day to day clinical work. Every day, in 
every clinic for renal disease, there are apt to be 
several new patients in whom an answer to the 
question as to the extent of their renal lesion is 
needed. This is not usually obtainable from their 
histories and physical examinations or from the 
state of their urines. At best these methods may 
suggest the existence of suburemic or uremic 
states, but at times they fail us altogether. It is 
the determination of the concentration of creatinine 
in the serum that transforms these indications into 
knowledge on which treatment can be based. Now, 
in theory, there is no reason why a precise meas- 
urement of creatinine cannot be obtained within 
half an hour or so of dravs-ing the patient’s blood. 
But this determination involves a complete separa- 
tion from the patient and an absorption in tech- 
nique that rnay be inadvisable or impossible. It is 
then that we need a quick approximate measure 
of the serum creatinine level to be used for the 
purpose of general orientation and immediate pre- 
liminary treatment. 

We happened one day to observe that when the 
alkaline sodium picrate used for the determination 
of creatinine was added to whole serum the mix- 
ture remained quite clear. .As the tube was 


watched, the orange color of creatinine picrate vvas 
seen to appear but as time went on the color 
deepened so that a few hours later it had become 
a deep orange, far deeper than the color derivable 
from the creatinine in the serum we were using. 
It seemed that there must be some chromogen 
other than creatinine in whole serum. The two 
colors can, however, be distinguished. The cre- 
atinine color develops quickly, even faster in serum 
than in a protein-free filtrate from the same serum, 
whereas the non-creatinine color develops very 
slowly. In Figure 1 it is shown that within 6 
minutes after the addition of alkaline picrate to 
serum the rate of color formation has already be- 
come asymptotic. By making the determinations 
at 6 minutes we were thus able to measure the 
quantities of creatinine we added to serum. 

In the clinical method we describe, the creati- 
nine color in the serum is read against potassium 
dichromate standards. The comparison is facili- 
tated by diluting the standard alkaline picrate 
solution with an equal volume of water. This 
solution is conveniently prepared by adding 1 ml. 
of 10 per cent sodium hydrate to 5 ml. of 1.175 per 
cent picric acid, and diluting with water to 12 ml. 
If care is taken to avoid parallax errors this can 
be done in a 15-ml. graduated centrifuge tube, 
adding the required volumes to the mark by means 
of capillary' pipettes. One ml. of the thoroughly- 
mixed alkaline picrate is then added to 0.5 ml. of 
serum and an interval timer is set to ring at 6 
minutes. The mixture of serum and picrate is 
then poured into a 4- by ^4-inch test tube similar 
to the sealed tubes in which the potassium dichro- 
mate standards are kept. Tubes that have the 
same or almost the same diameter, by caliper meas- 
urement, and that arc made of the same colored 
glass are selected. In comparing the colors v.c 
use a 3-5lot comparator with a ground glass back- 
ground illuminated by a daylight bulb. .After 3 
or 4 minutes the comparison with the standard' 
may be started, but the final dcri'ion must te made 
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Fig. 1 


when the bell rings 6 minutes after the picrate is 
added to the serum. 

It is curious and fortunate that the colors of 
certain concentrations of potassium dichromate and 
of creatinine picrate in sodium picrate should be 
indistinguishable by eye and should give almost 
an identical light absorption when a 520 filteriis 
used. It was potassium dichromate that Folin used 
as a standard in his first creatinine determinations 
(3). Not only do potassium dichromate solutions 
give a perfect match but, once evaporation is pre- 
vented, they remain unchanged for years. In Table 
I we list the quantities of potassium dichromate 


that, when dissolved in water and brought to a 
volume of 100 ml., give colors corresponding with 
the colors that develop in 6 minutes in sera con- 
taining the designated creatinine concentrations 
(mgm. creatinine per 100 ml. of serum). 

Provided that the few measurements are made 
with care and granted that the user has the capacity 
to distinguish shades of yellow and orange, it has 
been found by many that this method is of value 
in the immediate management of new patients. 
It cannot give, of course, a continuous series of 
creatinine concentrations for classification, but it 
does afford grounds for the division of our pa- 
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TABtE 1 

Polasshim dichromate concentrations {rngm. Potassium 
dichromate dissolved in water arid brought 
to 100~ml. volume) 

These concentrations have colors that are equivalent to 
the colors obtained by the direct and filtrate clinical me^ods 
from sera containing the given concentrations of creatinine 
(mgm. creatinine per 100 ml. of serum). 


Direct method 

Filtrate method 

Potassium 

dichromate 

Serum 

cxeatinine 

Potassium 

dichromate 

.Serum 

creatinine 

rngm, fer 

too ml. 

i>er lOQ mU 

200 

0.47 

50 

0.27 

250 

0.64 

100 

0.57 

300 

0.80 

200 

1.14 

350 

0.98 

300 

1.65 

400 

1.15 

400 

2.10 

450 

1.31 

500 

2.49 

500 

1.48 

600 

2.94 

600 

1.80 

700 

3.36 

700 

2.10 

800 

3.81 

800 

2.40 

900 

4.17 

900 

2.69 

1000 

4.50 

1000 

2.96 

2000 

7.62 

1500 

4.15 

3000 

10.05 

2000 

5.24 

4000 

12.39 

3000 

7.10 

5000 

14.64 

4000 

8.62 

6000 

16.71 

5000 

9.88 

7000 

18.60 

6000 

10.97 

8000 

20.46 



9000 

22.17 


tients into 4 categories : those who may have con- 
centrations within the normal range, and those 
with a slight, a moderate, or a pronounced eleva- 
tion of concentration. 

There are conditions in which the color of the 
serum is altered and then we cannot use the direct 
method. Bilirubinemia is an example, though one 
rarely seen in ambulatory patients with renal dis- 
ease. Hemoglobinemia is more common, but it 
is almost invariably an artifact.^ Lipemia consti- 
tutes our almost sole source of difficult}-. The fat 
alters the quality of the color and when we tiy to 
read it against the dichromate tubes we find that 
we somewhat overestimate the creatinine concen- 
tration. As might have been anticipated, we failed 
to find any fat solvent, and we have tried many, 
that is able to clear these lipemic sera. In such 
cases, or when the scrum is colored wth bile pig- 
ment or hemoglobin, we can get water-clear fil- 
trates by precipitating tlic color along with the sc- 

^ draw the blood into a x-asclined syringe. The 
needle is detached before transferring the blood to a cen- 
trifuge tube in which it is allowed to dot. ^^'hcn the 
blood is forced through the needle, some lysis of red 
cells may be induced. 


rum proteins. We take 1.5 ml. of serum in a grad- 
uated centrifuge tube, add 3 ml. of 0.5 M. sodium 
acetate-acetic acid buffer at pH 5 to the 4.5 ml., 
mark, mix, close with a vaccine stopper through 
which a hypodermic needle is inserted, and place 
the tube in a beaker of boiling w-ater for 5 minutes. 
The coagulum is then emptied onto a small filter 
and, when a litle more than 1 ml. of filtrate has 
run into a graduated centrifuge tube, the filter 
is removed and the volume reduced to exactly 1 
ml. by a capillary pipette. Then we add 0.5 ml. of 
imdiluted alkaline picrate (1 ml. of 10 per cent 
sodium hydrate plus 5 ml. of 1.175 per cent picric 
acid). The interval timer is set to ring at 10 min- 
utes and the comparison is made with the dichro- 
mate standards given in Table I for the filtrate 
method. 

This filtrate method was the one we first devel- 
oped. It was conjoined with a similar method for 
the determination of the rate of creatinine excre- 
tion in the urine. Desiring a method requiring no 
more apparatus than graduated centrifuge tubes 
and capillary pipettes, and avoiding the need for 
color standards, we diluted the urine color until 
it matched the color of the serum and thus derived 
an approximate “creatinine clearance.” However, 
by comparison wth results obtained on the same 
serum and urine by precision methods, and through 
experiments on rats from which known proportions 
of the total renal tissue had been removed, we 
learned that, as a rule, a decrease in creatinine 
clearance arose not from any diminution in the 
rate of creatinine e.xcretion but from an increase in 
the concentration of creatinine in the serum. So 
when we found that we were able to approximate 
the serum creatinine concentration witliout re- 
moving the protein and usually leam as much from 
it as we could from a clearance, we felt that wc had 
probably reached that maximum of rapidity and 
case of operation that is an indispensable pre- 
requisite for a clinical as contrasted with a labora- 
torj- method. 

It seems to us that this distinction bet-.veen what 
we call laboratoiy and clinical methods necessarily 
involves a differentiation in the criteria liy v.-r,ich 
they should be judged. A laboratoiy- method be- 
longs to sdcncc. It is an instrum.e,nt for a.o c.xacl 
description, under isolated and controlled cx^/tri- 
mcntal conditions, of what is measured. For th.i' 
p-arpose a high order of averr.gc prtris-cn is ad- 
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vantageous. Often this precision requires a con- 
siderable complexity of mechanism. Occasionally 
a fault in one or other of the elements involved may 
lead to large error. The scientist accepts this pos- 
sibility with equanimity. He knows that in the 
end such errors will reveal themselves as gross de- 
viations from the general law he intends to derive 
from his measurements. A clinical method, on 
the other hand, is a doctor’s tool. Reliability in 
each and every observation rather than average 
precision is its virtue. It is best, therefore, if the 
method has such a transparent simplicity that any 
error in its operation is at once apparent. The 
clinician is looking not for that which is general 
and abstract but for that which is individual and 
concrete. Every patient is for him an end. So 
he cannot afford to use a method, no matter how 
precise, that may at times mislead him with re- 
spect to the individual. What he wants is a uni- 
versal dependability within known limits of error 
that need not be so very narrow. 

We have evaluated this clinical method in terms 
of its greatest errors. In 93 patients the serum 
creatinine concentration was. estimated by the 
standard Folin-Wu method, using the Evelyn col- 
orimeter as well as by the direct addition of sodium 
picrate to serum (the clinical method). The se- 
ries was divided into 4 groups: first, those in 
whom the serum creatinine concentration was not 
certainly abnormal, and the other 3 into those with 
slight, moderate, and pronounced increases in 
concentration. In Table II we give the maximum 
minus and plus errors of the direct clinical method 
for each group on the assumption that the photo- 
electric measurement gave us correct values. 

In Table II we give the minus errors first be- 
cause it is they that are dangerous. Even in these 
worst examples there is no case in whicli we were 
seriously misled. Always we were able to pick 


TABER n 

The largest errors incurred in the District Clinical Method as 
derived from comparison with determinations 
made by the precision method 


Clinical 

No. of 1 

subdivision 

1 

patients 

Possibly 

normal 

Slight 

63 

15 

retention 

Moderate 

i 0 

retention 

J 

Marked 


retention 



Minus errors 


Plus errors 


ftern. per 100 ml. 


0.6 instead of 1.2 

3.0 instead of 3.3 

7.1 instead of 7.9 
7.9 instead of 9.3 


2.1 instead of 1.1 
3.0 instead of 2.3 
8.6 instead of 7.6 
9.3 instead of 8.1 


out the patients who had an increase clinically im- 
portant to recognize. We believe, therefore, that 
this is a dependable method in the clinical sense, 
for in many hundreds of observations made since 
this series was completed there has been no single 
patient with serious renal failure that we have 
failed to detect by this simple procedure. 

CONCLUSIONS 

1. A clinical method designed to reveal the ex- 
istence of varying levels of increase in serum cre- 
atinine concentration is described. 

2. A modification of the method is given for use 
when the serum is lipemic or colored with bili- 
rubin or hemoglobin. 
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The hypoalbuminemia which accompanies in- 
sufficient protein intake has come to be generally 
accepted as a diagnostic sign of protein deficiency 
(1). Experimental study of dogs depleted in pro- 
tein by low protein diet feeding, manifests the same 
marked decrease in the plasma albumin, but not 
in the plasma globulin (2). Further study has 
shotvn this condition to be also characterized by 
an increase in the concentration of alp ha globulins 
(3, 4). This loss of albumin, if expressed as total 
protein in circulation, becotnes more apparent, 
since protein depletion is commonly accompanied 
by a decrease in plasma volume (4, 5). On the 
other hand, the total circulating alpha globulins re- 
main essentially constant and other globulins de- 
crease slightly. It would seem possible from these 
considerations that the decrease in the concentra - 
tion of albumin and the increase in the concentra- 



va luable than that ob tained from the albumin alone. 

Were such a relationship to hold for man, as" it 
would appear to hold for dogs under e.xperimental 
conditions, then it would permit the utilization of 
the ratio of the t\vo moieties of plasma protein as 
a measure of depletion. 

The possibility has been examined by determin- 
ing the concentration of plasma albumin and alpha 
globulins in the plasma of a number of patients 
with several tj'pes of diseases and with different 
levels of plasma protein concentration. The esti- 
mations were based upon data derived from elec: 
trophoretic patterns of plasma. A limited number 
of patients were also' studied before, during, and 
after the administration of several protein hydroly- 
sates to ascertain whether an increase of the per- 
centage of plasma albumin is accompanied by a re- 
ciprocal change in the plasma alpha globulins. The 
results of these studies are the subject of this 
communication. 


EXPEEIJIENTAL 

Twentj- ml. of blood from each patient under investiga- 
tion were introduced into a centrifuge tube containing 
solid sodium oxalate as anti-coagulant After centrifuga- 
tion about 8 ml. of the plasma were diluted with an equal 
volume of diethylbarbiturate buffer of pH = 8.4 and ionic 
strength of 0.10 and then diaij'zed against the same buffer 
for 24 hours or longer. After adequate dialysis the bag 
was opened and the solution was electrolyzed according 
to the technic of Longswofth (6). The electrolysis was 
carried out for a sufneient length of time (3 hours) to 
permit a clear-cut separation of alpha globulins from the 
albumin. The total plasma protein concentrations were 
determined by micro Kjeldahl. 

RESULTS 

One hundred ninetj'-eight samples of plasma 
taken from patients with several diseases were 
analyzed. The results are illustrated in Figure 1, 
in which per cent of plasma albumin is plotted 
against per cent of alpha globulins and a curve is 
fitted to the data. The distribution of tlie data 
about tire mean is reasonably normal as indicated 
by the lines in the figure demonstrating the areas 
of 1 and 2 standard delations. A correlation co- 

^ The author is indebted to Shirley DeBiase for her 
technical assistance in electrophoretic analyses. 
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The correlation beivrecn per cents of albumin end alpha 
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Fig. 1. The Relationship between the Percentages of Albumin and Alpha Globulins 


efficient (7) of — 0.63 with a standard error of 
±; 0.04 was also obtained by arranging the data ac- 
cording to the albumin levels grouped at intervals 5 
per cent apart (Table I). A negative correlation 
coefficient of 0.4 or greater is commonly considered 
statistically significant; consequently the results 
demonstrate an inverse relationship between the 
concentrations of albumin and alpha globulins. 
However, the correlation is not sufficiently close to. 
provide useful information when one considers a 
single sample of serum, 

A similar attempt was made to establish a cor- 
relation between the per cent albumin and total 
plasma protein concentration. However, the data 
reveal no relationship with statistical significance. 
Twenty-five samples with total protein concentra- 
tions of 6.5 grams per cent or even higher, have al- 
bumin levels between 30 per cent and 40 per cent. 
At the same time, 33 samples of plasma with a pro- 
■n concentration of 6.5 grams per cent or less have 


protein concentrations as high as 50 per cent or 
above. Thus, there appears to be no relationship 
between per cent albumin and plasma protein con- 
centration. Unfortunately the plasma volumes of 
these patients are not available. ' 

A 'casein hydrolysate - or other commercially 
available hydrolysates (at a dose of about 5 to 6 
grams per kilogram body weight per day) were 
.administered orally to 11 patients for several 
weeks. The first 8 patients (column I, Table II) 
were hypoalbuminemic. The 9th patient (Urban) 
had low protein concentration (4.8 gram per cent) 
but normal albumin content before treatment. 
The remaining 2 patients (Migut and Kjaer) had 
normal plasma protein concentration and normal 
albumin content. 

The data do not constitute a comparison of the 
relative effectiveness of the various hydrolysates 

" The casein hydrolysate was supplied by E. R, Squibb 
& Sons. 
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used. However, they do demonstrate that the ad- 
ministration of an adequate protein hydrolysate 
brings about plasma albumin regeneration despite 
differences in the state of hypoproteinemia. As is 
to be expected, this is most marked where the hy- 
poalbuminemia is severe. Also, the increase of 
per cent of albumin is accompanied by a drop in 
alpha globulins. It is interesting to note that the 
albumin content of Summelensk)' was 39 per cent 
before treatment, was increased to 65 per cent after 
3 weeks of treatment, but dropped to 43 per cent 
after 8 weeks of treatment. During the corre- 
sponding periods, the per cent of alpha globulins 
dropped when the albumin increased and increased 
when the albumin decreased. 

The relationships between the concentrations 
of plasma albumin and alpha globulins in the sec- 
ond samples from these 11 patients were plotted 
in the same manner as the random samples in 


TABLE It 

The effect of administration of protein hydrolysate to 
hypoalbuminemic patients 



Hydro- 

Protein 

concea- 

Compositiau io #er unt 

Weeks 

of 

Name 

lysate 

tration 







admin* 


given 

gram 
Per cent 

I 

2 

3 


5 

tf 

istra- 

tlon 

Young 

Squibb* 

4.62 

20 

13 

31 

12 

12 

12 

0 



6J2 

37 

9 

13 

16 

10 

15 

2 




40 

8 

ll 

17 

11 

13 

3 

Egan 

Amigen* 

7.40 

26 

8 

15 

7 

6 

38 

0 


7.68 

40 

6 

13 

9 

5 

27 

4 

Porter 

Squibb 

, 5.89 

•32 

9 

18 

12 

4 

25 

0 



8.0 

45 

4 

13 

9 

4 

25 




8.S 

i SO 

4 

2 

10 

13 

21 


Lopez 

Amigea 

6.76 

33 

7 

19 

17 

4 

20 

0 



6.40 

52 


6 

5 

lU 

16 

6 

Gates 

1 Essiminc’ 

5.99 

35 

9 

14 

7 

13 

22 

0 



5.66 

51 

8 

12 

12 

5 

12 

6 

Summelenslcy | 

Squibb 

6.02 ’ 

39 

9 

15 

10 

1 7 

20 

1 0 


5.21 

65 

6 

5 

9 

7 

8 

3 



6.01 

43 

10 

19 

14 

1 

13 

8 

Zacharchuk 

Edamin’ 

6^6 

41 

15 

11 

14 

4 

15 

0 



6.02 

56 

5 1 

10 

9 

3 

17 

4 

Davis 

Squibb 

5^6 

43 

10 

15 ; 

12 

4 

16 

0 



7.01 

56 

5 

12 

7 1 

4 

16 

4 

Urban 

S<iuibb 

4.S1 

55 

11 

4 

15 

* 

7 

0 



6.07 

57 

9 

7 

12 

7 ‘ 

8 

3 

Migui 

Squibb 

s.oo 

48 

9 

17 

10 

3 

1.1 

0 



S.S2 

52 

6 

15 

10 

5 

12 

6 

Kiacr 

Squibb 

7J2 

59 

6 

19 

8 

2 

6 

0 



6.00 

72 

2 

6 

■7 

12 

6 

1 


* Casein hydrol\'satcs. 

’ Lactalbumin hydroiys^lcs. 

1 •* Albumin 
Z •• Alphai globulin 
3 = .Mphai globulin 
•f — Beta globulin 

5 Fibrinogen 

6 — Gamma globulin 


Figure 1. The relationships between these two 
moieties at different levels of protein concentra- 
tion in the individual patient were generally closer 
than that of the random samples shown in Figure 
1. T his fortifies the \new that an inverse relation - 
ship between the two usually exists, but again it is 
t o be emphasized tha t the ratio of the two frac - 
tions i s not useful in the evalu ation of the nutri - 
t ional status of a ny single patient . The coihposi- 
6ons of the other plasma protein components are 
recorded in Table II, but the effects of administra- 
tion of the hydrolysates on these components are 
erratic and no conclusion can be draw'n.y_^ 

DISCUSSION 

Electrophoretic analysis is a useful tool for the 
determination of the composition of plasma pro- 
teins. During the past few years, numerous in- 
vestigations were made to correlate the change in 
plasma protein pattern with a specific disease. It. 
has been found that diseases such as hyperthyroid- 
ism (8), malaria (9), pneumonia (10), strepto- 
coccus infections, relapsing fever, and scarlet fever 
(11) are accompanied by a rise in alpha globulins, 
some depression of albumin, and occasionally a rise 
in other globulins. These findings have usually 
been attributed to the disease rather than, as seems 
likely, the protein deficiency' which is incidental to 
the disease. 

The data presented include sera from 76 patients 
irith peptic ulcer, 51 patients with tuberculosis, 25 
patients irith malnutrition, and 37 with miscellane- 
ous conditions. These show that a lowering o f 
a lbumin is generally accom panied by a rise in the 
a lpha globulin. This increase, although statisti- 
cally significant, is not sufficiently close for clini- 
cal use in the evaluation of the state of protein nu- 
trition of the individual patient. The relationships 
are sufficiently similar to those observed in simple 
protein depletion to lead one to conclude that the 
alterations of normal plasma pattern arc in fact 
due to the same fundamental m.echanism, j.r., in- 
adequate protein retention as an incidental phe- 
nomenon in each of the diseases studied. It is not 
surprising then that the patients v.dth a lo'.v albu- 
min content of the plasma are treated by tr.e ad- 
ministration of an adequate protein hydrolysate, 
thus correcting the protein deficiency; .a ri^e c: al- 
bumin occurs quite promptly and this is acc 


:om- 
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panied by a decrease in the concentration of alpha 
globulins. 

SUMMARY 

One hundred ninety-eight samples of plasma 
from patients with several diseases were analyzed 
electrophoretically. There appears to be a corre- 
lation between the decrease in albumin and the 
increase in the per cent of alpha globulins. The 
■ significance of this relationship with respect to 
diseases is discussed. , 

BIBLIOGRAPHY 

1. Peters, J. P., Nitrogen metabolism in acute and chronic 

disease. Ann. N. Y. Acad, of Sci., 1946, 47, 327. 

2. Weech, A. A., and Goettsch, E., Dietary protein and 

the regeneration of serum albumin. II. Comparison 
of the potency values of beef serum, beef muscle 
and casein. Bull. Johns Hopkins Hosp., 1938, 63, 

r\ 

I aJZeldis, L. J., Ailing, E. L., McCoord, A. B., and 
Kulka, J. P., Plasma protein metabolism — electro- 
phoretic studies: chronic depletion of oirculating 
proteins during low-protein feeding. J. Exper. 
Med., 1945, 82, 157. 



5. 





(. 

8 . 

9. 





11 . 


ow, B. F., Allison, J. B., Cole, W. H., and Seeley, 
R. D., Effect of protein depiction on plasma pro- 
teins in dog measured by electrophoretic analysis. 
Proc. Soc, Exp. Biol. & Med., 1945, 60 , 14 . 

Weech, A. A., Wallstcin, M,, and Goettsch, E., Nu- 
tritional edema in the dog. V. Development of 
deficits in erythrocytes and hemoglobin on a diet 
deficient in proteins. J. Clin. Invest, 1937, 16, 719. 
ongsworth, L. G., Recent advances in the study of 
proteins by electrophoresis. Chem. Rev., 1942, 30, 
323. 

Croxton, F. E., and Cowden, D. J., Applied General 
Statistics, 1940, p. 673. 

Lewis, L. A., and McCullagh, E. P., Electrophoretic 
analysis of plasma proteins in hypcrtiiyroidism and 
hypothyroidism. Am. J. Med. Sci., 1944, 208, 727. 

Dole, V. P., and Emerson, K., Jr, .Electrophoretic 
changes in plasma protein patterns of patients with 
relapsing malaria. J. Clin. Invest, 1945, 24, 644. 

Longsworth, L. G,, Shcdlovsky, T., and Maclnnes, 
D. A., Electrophoretic patterns of normal and 
pathological human blood scrum and plasma. J. 
Exper. Med., 1939, 70, 399. . 

Dole, V. P., Watson, R. F., and Rothbard, S., Electro- 
phoretic changes in serum protein patterns of pa- 
tients with scarlet fever and rheumatic fever. J. 
Clin. Invest, 1945, 24, 648. 



BIOCHEMICAL AND HEMODYNAMIC CHANGES FOLLOWING 
THE SUBCUTANEOUS INJECTION OF GLUCOSE 
SOLUTION ^ 


By T. S. DANOWSKI, A. W. WINKLER,^ axd J. R. ELKINTON 

(From the Departmetif of Infernal Medicine, Yale University School of Medicine, 

New Haven, Connecticut) 

(Received for publication January 30, 1947) 


It is well known that the loss of extracellular 
electrolyte may contribute to or even produce 
cardiovascular collapse. This is manifest in its 
most striking form in the crisis of Addison’s dis- 
ease (1), in diabetic acidosis and coma (2, 3) and 
in patients losing large amounts of fluid from the 
gastrointestinal tract (4, 5). In these conditions 
the losses of the sodium ion, the chloride ion, and 
water are often the primary and sole cause of cir- 
culatory collapse. The chain of events which ends 
in clinical shock following salt depletion has been 
experimentally studied (6, 7). Abstraction of salt 
from a healthy animal via the peritoneal route ac- 
cording to the Darrow-Yannet technique (8) pro- 
duces hypotonicity of the extracellular fluid. 
Water then moves into the cells in response to 
osmotic forces. The consequent decrease in extra- 
cellular fluid volume occurs in both the interstitial 
fluid and the plasma. Diminution in the latter is 
readily detected by the rise in the hematocrit and 
in the concentration of the total serum protein. 
It is of particular significance that some of the 
circulating plasma protein is lost and that in terms 
of proportionate change, the plasma volume di- 
minishes much more than does the extracellular 
fluid as a whole (7) . These alterations in the com- 
position of the fluid in the extracellular and intra- 
cellular compartments are an invariable accom- 
paniment of salt depletion. If acuteh* induced, 
and of sufficient magnitude, tlie loss of salt results 
in a shock state akin to tliat seen following bums, 
trauma, or hemorrhage (9). The circulation 
slows and the venous pressure falls. These 
changes are associated with a diminished cardiac 
output (7). If untreated, death ensues. 

It seems highly probable that during absorption 
of a glucose hN-podcrmoclysis salt is removed from 
the circulation in a manner identical tvith that ob- 

* .■Mtlcd by a grant from the Fluid Research Fund oi 
^*alc University. 

-Dr. Wir.Wcr died June 26. 19J7. 


served following the injection of fluid intraperi- 
toneally. Moreover, it has been recognized clini- 
cally that the subcutaneous administration of non- 
electrolj'te-containing fluid to certain patients mat' 
precipitate circulator}’ collapse and death. This 
has been noted in particular in patients with mer- 
cury poisoning and with diabetic coma (10, 3). 
Inasmuch as these conditions are knon-n to be fre- 
quently associated with some measure of ante- 
cedent salt and water loss, it is possible that the 
shock state is precipitated by further salt depletion 
during glucose hypodermoclysis (11). Since the 
parenteral administration of glucose solutions to 
all types of patients, even those on the verge of 
cardiovascular collapse, is a commonly accepted 
procedure, the biochemical and hemodynamic 
changes which occur have been studied experi- 
mentally and are reported in this paper. It ha.s 
been found that the subcutaneous administration 
of a sufficient volume of non-electrolj’te-contain- 
ing fluid usually produces salt depletion, and that 
this can result in peripheral vascular collapse. 

MATERIALS AND METHODS 

The effects of glucose solutions on circulatory efficiency 
have been studied in animals and in human patients in 
the post-absorptive state. 

Two healthy female dogs weighing 7.96 and 10.S6 kilo- 
grams were given 5 per cent glucose solution by sub- 
cutaneous injection, 720 ml. and 1,000 ml. respectively, 
during a 10- to IS-minute period. In the first c.xperiment. 
measurements were made prior to and at 2.0 hours after 
the injection of the glucose solution. In the second, ob- 
servations of cardiovascular function were made at in- 
tcn-als during 2.5 hours. These included detcrmin.ation 
of the direct arterial blood pressure, the circulation time, 
the cardiac output, and the volum.e of urine cI.'borafed. 
The methods and th.e calculations em-ploye-l lave been 
described in a previous pe.per together vrith the pro- 
cedure employed for measurement cf ch-onee! in the 
plasmui volume. c.rtraccllular fluid volume, and the cir- 
cukating plasmus proteins (7). The'e involve the deteml- 

r 1., •r.-.-r. --t ,• 
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trogcn, the concentration of scrum protein, and the bal- 
ance of serum chloride. 

Glucose hypodermoclyses have also been given to 4 
patients in amounts ranging from 32 ml. to 72 ml. per 
kilogram of body weight. In 2 of these subjects, and in 
one other, the effects of intravenous glucose solutions on 
circulatory cfffciency have been determined in control ex- 
periments as well. The studies with patients differed from 
tire animal experiments in that the parenteral fluids were 
administered over a period of several hours, and the 
cardiac output was not measured. In 2 of tiic experiments 
the nitrogen clearances were followed as well as the 
changes in effective renal plasma flow as measured by 
the clearance of para-amino hippurate (PAH)® (12). 

RESULTS 

At 2.0 and 2.5 hours, respectively, following the 
administration of glucose solution subcutaneously 
in dogs IlOA and 55P, profound circulatory col- 
lapse was present. The circulation time rose to 
12 and 15 seconds from initial values of 8 and 7 
(Table I). The mean arterial blood pressure de- 
clined 25 and 35 mm. Hg, respectively. The car- 
diac output diminished to % or ^ of the pre- 
depletion values.'* Urine elaboration ceased almost 
entirely. 

The biochemical changes were equally definite. 
The concentration of chloride in extracellular fluid 

® Obtained through courtesy of the Medical Research 
Division of Sharp and Dohme, Incorporated. 

■*In dog IlOA a preliminary determination of cardiac 
output was not done. If the mean value for cardiac index, 
as determined by us in a large series of normal dogs, of 
5.45 + 1.43 liters per minute per square meter is taken as 
the initial value (7), the final value represents a de- 
crease in cardiac output of 56 per cent. 


decreased by more than 10 mcq. per liter. Hemo- 
concentration appeared as indicated by the in- 
crease in hematocrit and scrum protein content; 
plasma volume diminished. 

In patient L. M., equally striking biochemical 
and hemodynamic changes followed the subcu- 
taneous administration of glucose solution (Table 
II). Hypochlorctnia, hcmoconccntration, diminu- 
tion of plasma volume, loss of circulating plasma 
protein, hypotension, and lengthening of the circu- 
lation time occurred. In this patient, therefore, 
the injection of glucose solution, 72 ml. per kgm. 
of body weight, produced unequivocal circulator)’ 
collapse which responded to treatment with plasma 
and physiological saline. 

In patients C. M., W. O., and M. W. the bio- 
chemical changes at the end of 4.0 to 5.6 hours 
were less pronounced, but nonetheless definite. 
The hematocrit, the hemoglobin, and the serum 
protein concentration all rose. The concentration 
of serum chloride fell in 2 of these subjects and 
was unchanged in 1 ; the plasma volume fell 
in all 3 subjects; plasma protein left the circula- 
tion. The effects of these changes on circulatory 
efficiency were either minimal or absent. The 
circulation time was prolonged in only 1 of these 
subjects (patient C. M.). Nitrogen clearance de- 
clined temporarily in 1 of the 2 patients in whom it 
was measured (patient M. W.). Renal plasma 
flow as measured by sodium para-amino hippurate 
did not change significantly (patients W. O. and 
M. W.). 

In the control experiments, on the other hand, 


TABLE I 


Effect of glucose hypodermoclysis on body fluids and the circnlalion in dogs: 
Changes in blood and serum analyses, hemodyiiamks, and plasma 


Doc 

Time 
from 
start of 
experi- 
ment 

Weight 

Hypo- 

dermo- 

clysis* 

5 per cent 
glucose 

Urine 

vol. 

Serumf 

Blood 

1 

Circu- 1 
latlon 
time 

Mean 
arterial ■ 
pres- 
sure 1 

1 

Oxygen 

Cardiac 

index 

Change in 

Cl 

Total 

protein 


Rela- 
tive 
ceil i 
vol. 

Hemo- ^ 
globin 

Con- 

sump- 

tion 

A-V 

differ- 

ence 

Plasma 

volume 

Circu- 

lating 

plasma 

protein 

IlOA 

hours 

2 ' 

kgm. 

7.96 

ml. 

720 j 

ml. 

12 

meq. 

Per 

liter 

104.0 

93.9 

grams 

per 

cent 

7.26 

8.16 

Per 

cent 

cells 

37.8 

43.3 

grams 

per 

cent 

10.1 

11.0 

sec. 

8 

12 

mm, 

Hg 

125 

100 

ml. 

Per 

min. 

85 

volume 

Per 

cent 

8.8 

liters per 
min. per 
sq. meter 

2.42 

ml. 

- 71 


S5P 

0 

2.5 

10.86 

11.64 

1000 

10- 

105.2 

89.9 

5.59 

7.81 

30.8 

40.8 

8.2 

10.2 

7 

15 

135 

100 

118 

66 

1 

3.3 

8.0 

5.94 

1.67 

-186 

-1 


* Given immediately after initial determinations were made at start of experiments. 

t Water content of serum (Ig,) calculated from the serum total protein concentration (P.) by the formula: 

W, =» 99.30 - 0.889P. (15). 
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TABLE n 


Effects of glucose hypodermoclysis on body fluids and circulation of 4 human subjects 


Exp. 

Subject! 

and 
dose of 

5 per 
cent 
glucose 

Time 

from 

start 

ofex- 

pai- 

ment 

Weight 

Intake 

Urine 

Serum* 

Blood 

Cir- 

cula- 

tion 

time 

Blood 

pres- 

sure 

Clearance of 

Change in 

Oral 

HsO 

Sub- 

cut. 

5 per 
cent 
glu- 
cose 

Intra.' 

venous 

Vol- 

ume 

Cl 

Cl 

COj 

Total 

pro- 

tein 

Rela- 

tive 

vol- 

ume 

Hemo- 

globin 

PAH 

NPN 

Plasma 

volume 

Ctreu- 

lating 

plasma 

protein 


ml. 








men. 

meq. 

grnmr 

per 

grams 



ml. 

ml. 




per 

hours 

kgm. 

tnf. 

ml. 

ml. 

ml. 


per 

per 

per 

cent 

per 

sec. 

mm.Bg 

per 

per 

ml. 

grams 


kern. 








liter 

liter 

cent 

cells 

cent 



min. 

min. 



1 

L. M. 

0 

37.6 






101.9 

24.7 

6.52 


12.5 

12 

105/65 






72 

4.3 

39.1 

0 

2700 


790 

40 

87.8 


7.93 

Edi 

15.6 

IS 




-595 

-23 




38.8 

1400 


2100 

? 

? 

96.9 

23.2 

7.21 

36.8 

13.6 

12 




+383 

+19 

2 

C. M. 

0 

72.6 



■1 



94.3 

29.5 

6.95 


16.2 

16 

114/60 

m 





39 

5.6 


0 

2850 


555 

26 

92.5 

29.4 

7.21 

49.0 

16.6 

22 

124/76 



-270 

-11 



24.0 

71.3 

1200 


H 

1700 

21 

94.0 

29.6 

6.80 

47.3 

15.6 

16 


M 


-i-320 

-i-io 

3 

W. 0. 

0 



■ 

■1 



98.9 

25.4 

6.66 

47.8 

16.4 

13 

118/74 






41 

0.5 



Hi 

70t 

221 









746 

28.5 





4.0 


0 


2001 

710 

6 

90.3 

26.6 

7.16 

54.0 

17.3 



578 

28.3 

-490 

-20 



4.5 

66.6 


m 


62 







12 

116/64 

752 

25.4 



4 


n 

62.2 






97.7 

27.6 

7.16 

45.2 

15.0 

13 

128/88 






\wm 

0.5 




801 

217 









669 

31.3 




■■ 

4.0 


0 

2000 


620 

18 

92.3 

25.7 

8.74 

54.0 

17.0 

12 

130/90 


19.0 

-730 

-20 



m 

63.2 



401 

42 









561 

35.0 




‘Water content of serum (pr.) calculated from the serum total protein concentration (P.) by the formula: 

W, = 98.S - 0.74SP, (16). 

Balance data are caressed per individual period rather than cumulatively. The hypodermodyses were riven at start 
of experiments. Time from start of experiment indicates end of period at which time serum analyses and hemodynamic 
measurements were made. 

t L. M.: 33-year-old white female, ? tuberculosis of abdominal lymph nodes. 

C. M.: 44-year-old white male, tertiary cerebrospinal lues, penidllin treatment. 

W. O.: 27-year-old white male, idiopathic epilepsy. 

M. W.: 26-year-old negro male, latent lues, penicillin treatment, 

{ PAH in 5 per cent glucose solution. 


TABLE lit 


Control experiments: effects of glucose infusions on body fluids and circulation of 3 human subjects 


Exp. 

Subject** 
and dose 
of S per 
cent 
glucose 

Time 

from 

start 

of 

experi- 

ment 

Weight 

Intake 

Urine 

Scrum* 

Blood 

Circu- 

lation 

lime 

Blood 

pressure 

Change in 

Oral 

HiO 

Intra- 
venous 
5 per 
cent 
glucose 

Vol. 

Ci 

CI 

COi 

Total 

protein 

Rela- 

tiv'e 

cell 

vol- 

ume 

Hemo- 

globin 

Plasma 

volume 

Circu- 

lating 

pbsma 

protein 

5 

rd.terksm. 

L. M. 

70 

hours 

0 

5.6 

23.0 

Jtgr*. 

36.9 

37.4 

37.0 

ml. 

400 

1055 

f-j. 

2600 

ml, 

I960 

? 

meg. 

30 

meq, 

liter 

96.9 

98.0 

103.6 

meq. 

per 

tiler 

24.3 


per 

cent 

cells 

33.S 

3-i.O 

5S.7 

C^aois 

trr 

cent 

12.5 

12.5 

12.7 

sec. 

11 

11 

11 

v.-niMi 

m/TO 

110/7S 

rd. 

- 8 
-144 

rra-tr 

4- 2 
4- 1 

6 

C. M. 

0 

71.3 






29.6 

6.S0 

47.3 

15.6 

16 





42 

5.5 

72.4 

0 

5000 

1140 

12 

97.1 

2S.2 

6.19 

43.8 

15.6 

14 


4-250 

— 7 



24.0 

70.4 

2400 


2970 

91 


2S.4 

6.19 

41.1 

15.0 



-i-320 

4-20 

7 

D. P. 

0 

wm 




■ 

99.9 

23.2 

7.09 

40.7 

13.9 


1 1670 




o9 

5.0 

Mrfci 

200 

5000 

2500 


102.2 

24.0 

7.01 

40.S 

13.9 


12270 

- 10 

- 3 

— — 


24.0 

77.9 

ad. lib. 


1475 

m 

97.1 

24.2 

1 "" 

39.7 

|U.. 


132/7S 

4-20 

4-16 


* S«: footnote to Table 11. 

^ data are cxprcss<^ per indiddual period. Infusions were given at start of cxpcrirr.ent*. Strum analytes and 
nemewi-namte measurements are as indicated in Table 11. 

trectomy ' ^ Table II. D. P.: 65-year-c!d white male, benign gastric ulcer, 5ub!>e:;uent subtotal gas- 
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administration of comparable amounts of glucose 
solution intravenously failed to induce hypochlore- 
raia, henioconcentration, and loss of circulating 
plasma protein, or to affect adversely the circula- 
tory dynamics (Table III). Urine volumes were 
maintained, or actually increased, throughout the 
periods of observation. 

DISCUSSION 

These studies with animal and human subjects 
provide unequivocal proof that the subcutaneous 
injection of fluid which does not contain electro- 
lyte may produce a form of salt depletion. Even 
though the electrolytes which diffuse into the sub- 
cutaneous pool of fluid are still within tlie body as 
a whole, they have been removed from the circu- 
latory system and from the usual confines of in- 
terstitial fluid. Such segregation depletes the 
rest of the body of salt. This can produce circu- 
latory collapse. 

In the studies reported here, definite impair- 
ment of circulatory efficiency occurred in the dog 
experiments and in 1 of the 4 experiments with 
humans. Salt depletion definitely was present, 
however, in 5 of the 6 subjects given glucose solu- 
tion by subcutaneous injection. Hence, in the pa- 
tients who failed to develop evidences of cardio- 
vascular collapse the salt depletion was either of 
insufficient magnitude or only a transient phe- 
nomenon. The 2 dogs received 92 ml. and 90 ml. 
of glucose solution per kgm, of body weight. If 
none of the injected fluid had been absorbed and 
if chloride had diffused into it to the point of equil- 
ibrium with the body fluids, 32 and 33 per cent re- 
spectively of the total body chloride would have 
been segregated.® On the other hand, even though 
all 4 patients received approximately 3 liters of 
fluid subcutaneously at comparable rates of flow, 
the per kilogram doses varied widely. Patient L. 
M. who developed shock received 72 ml. per 
kgm. ; 33 per cent of the chloride was thereby re- 

5 Undoubtedly these assumed conditions were not real- 
ized; the degree of absorption of the fluid and its chloride 
concentrations were not measurable. But the values for 
chloride segregation obtained on these assumptions indi- 
cate maximum limits and are valid for comparison be- 
tween experimental subjects. The initial extracellular 
fluid volume is also assumed to be 25 per cent of the 
body weight in dogs and 20 per cent of the body weight 
in humans. . 


moved from the rest of tlie extracellular fluid. 
The other 3 patients were given only 32 to 41 ml. 
per kgm. As a consequence, a distinctly smaller 
amount of body chloride, 16 to 19 per cent, was 
segregated in the subcutaneous pool. This was 
enough to produce the typical biochemical changes 
but not sufficiently great to result in cardiovascular 
collapse. These are apparently the limits of the 
changes in most patients, since a glucose hypo- 
dermoclysis is usually a benign procedure. Un- 
der these circumstances the abstraction of body 
electrolytes is both minimal and temporarjq since 
the salt is returned to the extracellular fluid as a 
whole as the clysis is absorbed. This salt deple- 
tion may, however, be augmented and cardiovas- 
cular collapse produced, as evidenced in the dog 
experiments and in 1 of the 4 studies with human 
subjects, by increasing the relative volume of the 
glucose solution. 

Shock may develop, however, even after a com- 
paratively small hypodermoclysis. This is particu- 
larly true in patients who already have some meas- 
ure of salt depletion as a consequence of their 
illness, and in those who are on the verge of circu- 
latory collapse because of trauma, burns, etc. In 
these patients even a relatively small loss of extra- 
cellular electrolyte may plunge them into manifest 
shock. This has been noted clinically and re- 
ported (3, 10). In patients such as these, with 
the efficiency of the circulation already partially 
compromised, subcutaneous fluid is poorly absorbed 
and the salt depletion ordinarily produced by small 
volumes of fluid is magnified and prolonged. 
Shock is, therefore, not only precipitated, but 
perpetuated as well. 

It cannot be assumed, therefore, that glucose 
solution can be administered subcutaneously with 
impunity to all patients. Particular care must be 
exerted toward the identification of patients in im- 
minent circulatory collapse, witli or without salt 
depletion. In subjects such as these it is impera- 
tive that the subcutaneous administration of glu- 
cose solution be either preceded or accompanied by 
measures to prevent or combat shock. It should 
be an invariable rule that, whenever subcutaneous 
parenteral fluid is to be administered, the saline 
fluids precede salt-free glucose solutions. If in- 
cipient shock is suspected the patient should be 
treated with blood, plasma, or gelatin and by res- 
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toration of salt deficits prior to the use of subcu- 
taneous glucose. 

Experimental studies provide a logical basis for 
therapy of patients in whom shock has developed 
through tlie inadvertent use of glucose solution 
subcutaneously. It has been shown that, within 
certain limits of time, shock produced by acute 
salt depletion can be completely, or almost com- 
pletely, reversed by the simple replacement of the 
salt deficit with hypertonic solutions of saline (13). 
It has been found, however, that the use of colloid 
solutions together with replacement of salt pro- 
vides a distinct margin of safety (14). Hence 
blood or plasma should be administered in ad- 
dition to salt solutions in treating salt depletion 
shock. 

The lack of adverse effects following intra- 
venous glucose solutions in the control experiments 
in Table III does not indicate that this is in- 
variably a safe procedure. The patients studied 
had no demonstrable disorder of the cardiovascu- 
lar-renal system and were not salt-depleted. The 
extra fluid merely increased the volume of urine. 
No data are available to indicate whether such a 
procedure would be equally benign in patients with 
antecedent salt depletion, on the verge of circula- 
tory collapse, and unable to excrete w'ater. 

SUMMARY AND CONCLUSIONS 

1. Five per cent glucose solution was adminis- 
tered by subcutaneous injection to dogs and to hu- 
man subjects. The changes induced in the body 
fluids and circulatory, djmamics were studied. 

2. The subcutaneous injection of glucose solu- 
tion usually produced transient salt depletion. 

3. Large or rapidly administered hj'podermo- 
clyses of glucose solutions resulted in marked salt 
depletion and circulatory collapse. 

4. It seems probable that circulator}’ collapse may 
be precipitated even with small glucose h}’po- 
dermoclyses in patients wth incipient shock. 
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INTRODUCTION 

The appearance of albumin in quantity sufficient 
to give “positive” results by well known “clinical” 
precipitation tests, has long been regarded as a re- 
liable indication of kidney d 3 '-sfunction. The re- 
liability, of course, depends on the assumption that 
in normal physiology, the glomerular “filter” is 
wholly impermeable to protein molecules. Direct 
evidence of this came from the beautiful experi- 
ments of Richards and his co-workers. Walker, 
et al. (1) found that in some of their samples of 
capsular fluid in the mammalian kidney the pro- 
tein was less than 30 mgm. per cent, although the 
smallest degree of mechanical trauma resulted in 
the appearance of large amounts of protein. The 
question of resorption of protein in the tubules 
has been raised, though Bott and Richards found 
no evidence of this in amphibia (2). Some text- 
books state that protein is not a normal constituent 
of urine (3). Other textbooks are content to 
state that “normal urine usually contains a trace 
of albumin too small to be detected by regular 
tests” (4). Again a “faint trace” by these tests 
is variously estimated from 30 mgm. per cent to as 
much as 100 mgm. per cent of protein (5a and b), 
and quantitative information as to the amount of 
protein found in normal urine is hard to find in 
the literature. Even though there, have been dis- 
cussion and work on the so-called “normal” or 
“benign” albuminurias (6a and b), quantitative 
measurements even in this field are lacking. 

Bodansky (7) states, without reference, that 
normal urine contains 2 to 5 mgm. of protein per 
cent; Kolmer and Boerner (8) give figures that 
indicate an average of 5 mgm. per cent, and Ever- 
ett (5) says that normal urine contains 1 to 6 
mgm. per cent. Most references are to the clas- 
sical work of Morner (9), who found from 2.2 to 
7.8 mgm. per cent protein. However, he was more 
concerned with the chemical nature of the protein 


and related substances than witli a statistical eval- 
uation of the quantity normally present. 

The quantitative methods of measurement of 
protein in urine are capable of measuring much 
smaller amounts, down to perhaps 5 or 10 mgm. 
per cent but this is only if relatively large samples 
are available. Thus, they are not suitable for 
quantitative studies on the time-course of albu- 
minuria, produced experimentally or pathologi- 
cally. 

It is evident that there is a possibility that a 
given sample of urine might contain protein in 
amounts too small to be detected bj’ the commonly 
used methods, yet this amount could be much 
greater than the amount found in truly “normal” 
urine. It becomes of importance to establish in a 
quantitative and statistical manner, what amount 
of protein is to be expected in a sample of normal 
urine. The method to be described is an adapta- 
tion of one first demonstrated to us by Dr. J. B. 
Bateman, for measuring the amount of protein in 
cerebrospinal fluid, and so used by Bazett and 
Burton (10). It is essential^ the method of 
Gorter and Grendel (11), for serum proteins, sim- 
plified for clinical use and applied to urine. 

APPARATUS 

The apparatus required is very simple and inexpensive. 
(See Figure 1.) Surface films are formed on buffer in 
a plastic tray (of lucite ) 36 by 11.5 by 2 cm. over-all, 
with a well which is accurately 10 cm. wide and 0.5 cm. 
deep. Black plastic is used for the bottom of the tray, 
as this greatly facilitates seeing the oil-drops used in the 
method. Several “barriers” of plastic, 12 cm. long and % 
inch square in cross section, are required, and one of these 
is rigidly fixed at right angles to a long guide piece, carry- 
ing a scale which shows the area of the well enclosed be- 
tween the barrier and the end of the tray. All other ap- 
paratus (a 5-ml. burette, pipettes, etc.) is standard in 
chemical laboratories, except perhaps the platinum wire 
set in a glass handle. The total cost of apparatus is cer- 
tainly less than $10.00. 
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Fig. 1 <5 


•METHOD 

'I’hc method consists of measuring the total surface ac- 
tivit}- of a sample of urine and then the residual actii'ity 
after protein has been precipitated. The difference gives 
tlic activity due to protein. This divides itself naturally 
into several successive steps ; 

( a ) Frcpanitiun of trays and barriers 

The tray and barrier must first be cleaned with dis- 
tilled water and rendered hydrophobic. We have found 
that paralVm wax is much less satisfactorr- as a hydro- 
phobic agent than is ferric stearate. This, though diffi- 
cult to i)urchase. is very easily made. The following in- 
'tructions are given by Dr. .\. Del.uca who kindly made 
the ferric stearate we used: 

To some hot water (!s(J° (.'.I add a ipiantity of stearic 
acid. The latter melts lonning a Layer above the water. 
Xe\l. add a solution of Fet'l;. dro]) by drop until the water 
layer is a deep hrowii. Continue the heating for 15 to oh 
niimites with stirring. Let the mi.xture c(k)1. after which 
the ferric stearate forms a solid sheet alsjve the litjutd. 

adi the iniimre coniiiound by adding it to hot di-tilled 
water, and again allowing it to cki! The ferric stearate 
which reform' on CHiling i' then hroLm mto small pieces 
and drop;iesl into a te't tul>c The latter i- placed in a 
water Kath to nult the compound \fter •••■iling tV.c fer 
11 ' -tt.iiati ni.iy U lemoee'l li.-in tin te-l tul-e m tin t*.:io 
of a solul stick. It max lie incc'-are t" p.a" t!:e te-t tul--' 


momentarily through a flame in order to cause the stick 
to fall out readily. 

All surfaces that will be in contact with the liquids are 
rubbed with a stick of ferric stearate, then rubbed to a 
hard polish with paper tissue (Kleenex). This sur- 
facing with stearate should be repeated at frequent inter- 
vals, certainly after each day of use of the apparatus. 

(b) Buffer used 

A buffer of pH 6.4 (307 ml. of 0.1 M citric acid added 
to 693 ml. of 0.2 M disodium phosphate) has been rou- 
tinely used. This pH was chosen as the result of experi- 
ments on the surface activity' of a given urine sample on 
buffers of various pH values. The method is most satis- 
factory from pH 6.0 to pH 7.0. The buffer is poured 
into the tray until it stands well above tlie edges, the 
shape of the meniscus indicating the “unwettable” nature 
of tlie stearate-treated plastic material. 

(c) Removing contamination 

Contamination by surface-active substances either from 
the tray and buffers or from the air is inevitable. It is 
minimized by “sweeping” the surface of tlie buffer witli 
the barriers repeatedly and wiping the barriers clean be- 
tween each operation with a fresh piece of paper tissue. 
This "sweeping” was first discovered by Pockcls (12). 
Wc routinely have swept the tray 3 times before each 
"blank” or urine determination. 

(d) Forming the protein munufflm 

Protein is so active in forming surface films that for 
the range of concentration of interc't in the rest.arcb. 
namely from 0 to SO mgni. per cent, the sample oi urine 
is first diluted in the ratio of 10 to 1 with distilled water. 
( One ml. urine was added to 9 ml. of distilled water.) 
The diluted sample was tlien placed in the 3-ml. burette. 
The stop-cock of the burette should have a minimal 
amount of stop-cock grease, which is itself surface-active. 
Unless solutions containing organic solvents arc left for 
long periods of time in the burrettc, we have found little 
trouble from contamination with stop-cixrk grease. Where 
there is trouble from this source, it can 1)C avoided alto- 
gether by Using a dropping-pipette having no stop-c'Kk. 

Tf» form tlie jirotcin film, all that is needed i' to allow 
the diluted urine in the burette to drop slowly fat th.'j rate 
of 1 drop every 2 or .1 seconds) from a snuill height into 
the surface of the buffer fmetlg-'l of tforter and GrenL.' 
(II. 13] t. The top of the biirittt ':;ou!'! ju-t higi. 
enough so t'naf the 'Irops do not t'cn-'h thi '-urmre !.-;t ::!;i 
on to It. .-\ny 'urface-activc '•.•’ctance ttr. t" f- rn: r. 
"'kin" on the 'Urface "f th*. dri :-.y- ; w !:• t; th- r. ; ci- 1!" 
flat 'Urface of in t::e tr.'iy ti e nr ;■ nvl t:.\ ■ 

idly. It v.d! be tt<! tn.',: dr..; ' ’■ - 2 

• u'l' on ii t u I ■ i ■ 'O . r J - r '*< t' • \ t *!.-■* ' * - . 
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((>) Measuring the urea covered hy the film 

A barrier pushed along the tray will carry the pro- 
tein film before it and, after all available ^ 

surface of the buffer has been occupied In the fi m, fur 
u"r -ill raise the film pressure as the a, a 

decreases. The measurement of area has mcanmg o . 

U S be made at a definite pressure. To indicate the pres- 

as developed bv Blodgett (14), Langmuir and SchaefTci 
(ist I?ie pfatinum wire is cleaned by holding m a 
flan!; is then dipped in a test tube of lubricating ..d 

(crank-case oil), 

Ic^Sc wlfi^r^^^^ not be more than 1 cm. in dianmte. 

As ^rbarrier is pushed up to diminish the arwa of the 

daylight than in artificial light. The first knt 

bt'‘;oro"Ten plicated 

the 'first-order blue color 

2-iY£T?=?sr;'f^ 

useu. io /'..liriv'i 1 oil with clean oil, m- 

— T 

a“ as ot film are meaaared ander a diltcreat « ■■ 

Srioa carve of .he method will, of course. Iw .h«cr- 

pnf from that found in our case. 

t wS be fomid that when the endpomt of .he enhea 
is fits, reached, the color will fade and the area w 11 

f*: .0 . red„«d 

the measurement is that umci i i^-rrier The 

seconds without further movement of the barne . 
area, at this critical point, is then read , 

i^rnS'h: if'made a. “-oj hressnre i- »« “ 
;.io -irea at zero compression, tt tlic amoui.i V 
lopped on to the surface is too great, the total available 
area of the trav mav be inadequate to accommodate it, and 
‘the later drops will not be able to form a monomolecular 

'T^^^ed- oil can be easily produced by heatins; dean 
oil in an open dish for a few minutes. 
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film. It is important, therefore, to entire that when tie 
film is formed, the area avail.able is adequate. It was 
found by repeated tests that if the final area, ineasurcd 
under 9 dvnes per cm. pressure, was less than halt the 
total area 'of the tray, the area was proportional to the 
volume of diluted urine put on the tray. Inil it the hna 
area were greater, the measured area was less than would 
be expected from the amount put on (Figure -). » lui’ 

indicates that the limiting area (at zero pressure) is 
about twice that at the pressure of 9 dynes per cm. used^ 
in the measurement. A rule was therefore made that it 
the measured area was greater than hah the area ot the 
tray (say with 1 ml. of urine), the determination was re- 
peated using a smaller quantity (say l).6 ml. of urine), 
until the final area was sufficiently small. Alternately, the 
urine may be further diluted fsay to 20 to 1 instead of 10 
to 1) and the 1 ml. used as previously. 

(/) Precipitation of the protein 

Several of the well-known precipitation methods were 
tried before one was found that was satisfactory. Some, 
such as trichloracetic acid, while precipitating tlie pro- 
tein will markedly increase the residual activity of the 
non-protein surface-active substances in urine, probably 
by the release of more active groups. Other reagents, 
such as tungstic acid and lead acetate, produce a ropious 
flocculent precipitate, and the residual surface activity is 
greatly reduced, presumably by the absorption of all 
surface-active substances on the precipitate. Finally, it 
was found that Tsuchiya's - reagent was satisfactory. 


2 Tsuchiya’s reagent is : Phosphotunstic acid 1.5 giams 
Concentrated HCL — 5.0 ml. 

95 per cent ethyl alcohol - 
93.5 ml. 
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The activity of urine, freed from protein by precipitation 
by the reagent, was measured, a considerable amount 
of egg albumin added to increase greatly the measured 
activity; the added albumin was precipitated again by the 
reagent, the pH adjusted to neutrality with ammonia, and 
the activity finally measured. After correction for the 
dilution due to the added reagent, the final activit>' was 
consistently about the same as at the start. The success 
of this reagent is probably due to the use of alcohol 
which produces a compact precipitate of small surface area, 
and the absorption of surface-active substances on the 
precipitate is correspondinglj' low. It will be seen that 
in most cases, for clinical determinations, the precipita- 
tion and second measurement of activity after precipita- 
tion may be omitted. 

(g) Routine of measurements 

The sequence of measurements on the tray is illustrated 
by- the table below (Table I) which is for a typical 
sample of normal urine diluted 10 to 1. It will be seen 
that "blank determinations-” are made between each 
“test” measurement. In these the tray is “swept” 3 times, 
but nothing is added from the burette before the area of 
film is measured. The areas of “blanks” represent the 
inevitable contamination. The mean of the "blank” de- 
terminations is subtracted from the mean of “test” values 
.to give the area due to the substances added from the 
burette. 


TABLE I 

Urine sample diluted 10 times 


Before precipitation 

After precipitation 

Ml. 

Cm. on 

Corrected 

MI. 

Cm. on 

Corrected 

added 

1 scale 

values 

added 

scale 

\’alues 

0 

1.3 


0 

1.4 


1.0 

9.7 

8.4 

1.0 

2.9 

1.5 

0 

1.2 


0 

1.5 


1.0 

9.5 

8.2 

1.0 

3.1 

1.7 

0 

1.4 


0 

1.2 


Mean 

8.3 


1.6 cm. 


Area per ml. of urine = 830 (8.3 X width of tray X dil.) 
= 160 sq. cm. 

Area due to protein = 830 — 160 = 670 sq. cm. in 1 ml. 
of original urine. 

The whole procedure can easily be completed in 20 
minutes. 


CALIBRATION OF TUE METHOD 

Calibration was made by measurement of the surface 
area, due to protein, of a number of samples of urine 
containing increasing amounts of protein, the amount 
of protein being also measured by the quantitative gravi- 
metric method of FoHn and Denis (16). It was felt that in 
th.c calibration, urinary protein, rather titan any ether 
albumin, should l>e useti. The urine of a patient, which 
found, by the gravimetric determination, to contain 


^ r 

I 

1 

□ 

1 i 

1 1 

1 1 
11 

J 

■1 

-L_l_ 
I'h) :i 

aXJ 




1 1 

1 



1 




5o ) • 

-1 


1 1 

1 





■;r 

bl- 


1 



1 

1 





•I- 


Ic i-.--- 

1- 



1 

1 , 



1 


-^1 

• 1. 

h..! 

t 



! 




_L 

■ 



I 



\y 

Ll 



I 


. 'T 


TT“ 

503 1 

• 


1 > 





1 


I-' 





! 

1 



• 1- 


. T- 





ll_ 

! 

1 



--1- 


1 


ri^ 

7 


1 

. 1 

1 



"I 

- 


1 

1 lo 

[n: 

1 

1 

' 1 

E 


c’Jli- 


'1- 

.j 

±n 

liAlJ 

0 j i 

0 1 * 

■0 

' so j-.'ii o.i 



1 1 

1 pdricerteitat:itf>n 


y/d. 


Flc. 3 


240 mgm. protein per cent was, therefore, after neutrali- 
zation, added in different proportions to normal urine 
which had been rendered free from protein by precipita- 
tion. The amount of protein in each of the samples was 
calculated from the proportions of a mixture of the nor- 
mal and the protein-containing urines. Results are given 
in Figure 3, where the open circles represent surface 
area of film per ml. of original sample before, and the 
closed circles after, protein precipitation. 

RESULTS 

(a) The non-protein or "residuar surface activity 
in normal urine 

The nature of tlie “residual” surface-active sub- 
stances is the subject of a separate research now in 
progress. In normal urine, the residual activity, 
found after the protein has been precipitated, is a 
major part of the total surface activity. The sub- 
stance or substances responsible for the residual ac- 
tivity are not yet identified, but their activity in nor- 
mal urine is verj' constant. In 30 normal subjects, 
the residual activity from subject to subject, and in 
tlie same indiirdual, had a mean from day to day of 
206 sq. cm. per ml. of urine with a standard devia- 
tion of d:41 sq. cm. Reference to the calibration 
curve. Figure 3, shows that tliis amount of vari- 
ability could correspond to a variation in protein 
of only rr 1 mgm. per cent. On the other hand, 
where there is an amount of protein greater th.an 
normal, even as little as 20 mgm. per cent, ti-.e 
residual activity is a small part of tlie activity, 
Tims for most clinical purposes, the second step of 
precipitating the protein and rcir.easurir.g t:.r 
surface actirity (unless tlie presence of bile fr.h’ 
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is suspected), is unnecessary, especially if the total 
activity indicates a protein concentration within 
the normal range. To verify this, in 4 cases picked 
at random, the estimate of protein concentration 
from the total activity and from Figure 3, was 
compared with the value from the difference in 
activity before and after precipitation of protein. 
In no case did the 2 estimates differ by more than 
3 mgm. per cent. 

(&) The concentration of protein in samples of 
normal urine 

Samples of urine were examined by the method 
described for 100 normal male subjects, most of 
them students of the Medical School, University 
of Western Ontario. The criterion of normality 
was that the blood pressure was within the normal 
range, with systolic pressure not greater than 140 
mm. Hg and diastolic pressure less than 95 mm. 
Hg and that there was no known history of kidney 
dysfunction. 

Results are sho^vn in the histogram Figure 4. 
The negative values are to be expected because, as 
in all methods, there is an experimental error ; and 
the true mean value is close to zero. A negative 
value means that the "residual” surface activity 
after precipitation was greater, instead of less, 
than the total activity before precipitation. In 
the case where the protein concentration is de- 
duced from the total surface activity alone, with- 


out performing the precipitation, it means that 
the total activity of that particular sample fell be- 
low the “residual” activity on the standard curve. 

The mean protein concentration is 3.7 mgm. per 
cent but it should be noted that the distribution 
is decidedly "skew,” and the most frequently oc- 
curring concentration (the mode) in normals is 
between 0 and 2 mgm. per cent. 

(c) The concentration of protein in urine from 
patients with higher blood pressure than 
normal 

The amount of protein in the urine of normals 
turns out to be so very low that it seemed worth- 
while to see if an appreciable number of patients 
with hypertension, but with no "clinical” evidence 
of proteinuria, would prove to have concentrations 
of protein significantly above normal, though be- 
low the limit of the normal clinical tests. The 
group of 50 patients from Victoria and from the 
Westminster Hospitals, London, Ontario, include 
14 who had had some history of heart failure or 
some degree of decompensation but were free of 
such conditions at the time of this experiment. 
Most of the rest were diagnosed as "labile hyper- 
tensives,” and the clinical tests had shown albumin 
in amounts described as a "very faint trace” or 
“insignificant.” The group includes some with 
systolic pressure up to 200 mm. Hg, but diastolic 
pressures were in most cases less than 120 mm. 

Hg. 
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Results on this group are sho\vn in Figure 6 in 
the form of a histogram. Where the protein con- 
centration falls outside the normal range (as judged 
from Figure 4), the blocks are shaded. In 5 
cases where the protein concentration was greater 
than 80 mgm. per cent, these would presumably 
be noted by the usual clinical tests as having a 
“trace” of albuminuria. In the 45 other cases. 
Figure 5 shows that in 15, or 33 per cent, the pro- 
tein concentration is significantly greater than the 
normal. 

DISCUSSION 

The curve Figure 3 shows that the area of the 
protein film is not strictly proportional to the 
amount of protein present, but there is a slight 
curvature of the graph. This may be attributed to 
a “concentration effect,” which means that, when 
protein is more concentrated in the liquid in the 
burette, the ability to form a film is slightly de- 
creased. This is easily understood, since the more 
competition there is for the surface of the drops 
as they are formed, the less completely will the 
protein be adsorbed on the surface of the drops. 

The method of measurement of protein con- 
centration by means of the surface activity is 
widely adaptable to biological fluids other than 
urine, such as cerebrospinal fluid, blood serum, 
or lymph. The initial dilution of these fluids 
should be such that the concentration of proteins 
in the fluid dropped in the tray is in the same 
range as in these measurements, i.c. not greater 
than 10 mgm. per cent. This would require an 
initial dilution of cerebrospinal fluid some 50 times 
and of blood serum some 200 times. Since dif- 
ferent proteins may differ markedly in their sur- 
face activity, calibration should be made with 
standard solutions of the particular protein con- 
cerned. 

The specificity of tlic mctliod in measuring pro- 
tein, and not other substances, is of course tlic 
same as the specificity of the precipitation by 
Tsuchiya’s reagent. 

From the results on normal urine, a statistical 
prediction cur\-c can be constructed as in Figure 5 
This shows that if a sample of urine is found to 
contain more than 12 mgm. per cent of protein, 
tlic chance that this sample is from a “normal” is 
less than 5 per cent, and for greater amounts, the 



chance is insignificant. This gives a statistically 
valid basis for the use of the term “insignificant” 
in connection VrUth albuminuria, whereas, on the 
basis of the usual clinical tests, “insignificant” 
really referred to the appearance of the precipitate 
in the particular test used and not to the degree 
of albuminuria. 

The amount of protein in normal urine is so 
small that it would be extremely difficult to estab- 
lish that what little was present was not extra- 
glomerular in origin, rather than having passed 
through the glomerular filter. The view that the 
normal glomerular membrane is “completely” im- 
permeable to protein is not contradicted by these 
experiments. 

The results on the small group of hypertensives 
are included merely to indicate that a more sensi- 
tive method of measurement of urinary protein 
is of clinical usefulness. The sensitirity of a 
clinical test should be at least sufficient to give a 
definite indication with the amount of substance 
found in normal physiology so that the degree of 
deviation from the normal can be judged. 

SUMMARV AND CONCLUSIONS 

1. Since protein is highly active in forming 
monomoiccular surface films, its concentration in 
urine can be found by a measurement of th.e total 
surface area occupied at a definite surface force, 
compared \rith the surface area occupied after 
protein has been precipitated. For ciir.ica! u;e, it 
is seldom necessary to take tinis seccr.d sten of tr.e 
precipitation of protein. 
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apparatus, is described. Less than 1 ml. of a 
sample of urine is required, and the measurement 
is completed in less than 20 minutes. 

3. The method has been used to find the con- 
centration of protein in samples of 100 normal 
urines. The most frequently found concentration 
is less than 2 mgm. per cent, the mean is 3.7 mgm. 
per cent, and the probability of finding more than 
12 mgm. per cent in normal samples is less than 
5 per cent. 

4. When the method is applied to a group of 50 
hypertensives, most of them of the labile type, 
where there was no evidence of albuminuria by 
the usual clinical tests, amounts of protein signifi- 
cantly greater than normal were found in 33 per 
cent of these cases. 

5. It is concluded that the usual clinical tests for 
proteinuria applicable on small samples of urine, 
have a sensitivity which is inadequate to their use. 
The method employing the surface activity of pro- 
tein is rapid, easy to perform, requires a very small 
sample, and is accurate to 2 or 3 mgm. per cent. 
It can be adapted readily to the measurement, of 
the concentration of protein in other biological 
fluids. 
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Recently, Proger and his co-workers have pub- 
lished papers dealing with the effects of parenteral 
injections of cytochrome C on conditions associ- 
ated with tissue anoxia (1 to 8). They found, in 
man, that the changes in the visual acuity, electro- 
cardiogram, and electroencephalogram associated 
with* anoxia were partially or completely prevented 
by the antecedent intravenous injection of rela- 
tively small amounts of cytochrome C. 

These phenomena were explained by Proger by 
assuming that in anoxia essential oxidative proc- 
esses were limited by the low concentration in the 
cells of cytochrome C relative to cytochrome oxi- 
dase. By parenteral injection the concentration 
of cytochrome C within the cells was 'increased, 
the limitation of oxidative processes was removed, 
and tissue function restored toward normal. 

Proger discussed further experiments bearing 
on the problem of the role of cjdochrome C in 
tissue anoxia: (J) He reported (5) that the 
adenosine triphosphate (ATP) of heart and kid- 
ney of rats subjected to anoxia was markedly re- 
duced. The antecedent parenteral injection of 
cytochrome C significantly prevented this reduc- 
tion. It is well known that the organic phosphates, 
particularly ATP, play important roles in tissue 
metabolism. The regeneration of tliese energy 
rich phosphate bonds is dependent upon oxidative 
processes. Presumably, then, increase of cellular 
cytochrome C by injection removed tlie limiting 
factor of its naturally occurring low concentra- 
tion, increased oxidative processes associated with 
the regeneration of ATP, and thus prevented the 
decrease otherwise accompanjnng anoxia. (2) He 
also found tliat c\toclirome C togetlier with hydro- 
quinone (4) increased the oxygen uptake of ho- 
mogenized tissues jji vitro. 

These 2 e.xpcrimcnts were considered by Proger 
to support his concept of the role of parenterallv 
administered cytochrome C in combating tissue 
anoxia. There arc, however, theoretical difficulties 


in the acceptance of this explanation, viz.: (I) 
How can the large molecule of cytochrome C 
(molecular weight approximately 13,000) enter 
into the interior of the cell in order to function? 

(2) Is the cytochrome C concentration of tissues 
so low that it is a limiting factor in metabolism un- 
der normal extraordinary physiological demands? 

In this paper the interesting problem of the 
possible beneficial effect of parenteral injections of 
cytochrome C in anoxic states was studied in 3 
ways: {!) The adenosine triphosphate (ATP) 
concentration of kidney tissue in rats in the normal 
state, in anoxia, and in anoxia subsequent to cy- 
tochrome C administration was studied. (2) Ex- 
periments were performed to determine the effect 
of cj-tochrome C on the oxygen uptake in vitro of 
diaphragms, liver and kidney slices from rats. 

(3) Using a recent value for the turnover number 
of cj^ochrome C together with cjdochrome C con- 
centrations of various tissues, the limiting values 
of oxj'gen uptake imposed by these 2 factors was 
calculated and compared with the physiological 
range of oxj-gen uptake of the respective tissues. 

METHODS 

The concentration of inorganic phosphate, ATP, and 
total phosphate in the acid-soluble fraction of the kidney 
was determined by the methods of Kaplan and Greenberg 
(9). One hundred-minute hydrolyzable phosphate was 
determined by hydrolysis in IN H;SOi at 100’ C. All 
phosphate determinations were by the method of Fiske 
and Subbarow (10), using a Klett-Summerson photo- 
electric photometer with a 6,600 A* filter. 

The rats were made anoxic for 5 minutes by means of 
a o per cent Oj — 97 per cent Ks gas mixture passed 
through a funnel held over the animal's head. C>-to- 
chrome C was injected intravenously 10 minutes prior 
to the anoxic period in the manner reported by Pre-ger 
el cl (5). 

The Iridney vas frozen v.-Ith Ifguid air as cuitkly as 
possible following decapitation cf the rat. The frozen 
kidney was ground to a p'ov.der under liguid air in a 
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tube containing 7 per cent trichloroacetic acid, following 
tire procedure of Kaplan and Greenberg (9). 

The cytochrome C was prepared according to the 
technique of Keilin and Hartree (11). The concentra- 
tion was determined spectroph'otomctrically, using the 
constant 26.1 at X 550 m/i for a millimolar solution of 
cytochrome C, with a cuvette depth of 1 cm. This con- 
centration is referred to pure cytochrome C with 0.43 
per cent Fe (Mol. wt. = 13,000). In addition the bio- 
logical activity of the preparation was demonstrated by 
its ability to increase the oxygen uptake of rat liver 
homogenates in the presence of O.OIM succinate. The 
increment was of the order of 1 mole of Oi per mole of 
cytochrome C per minute, which is comparable to that 
obtained by Schneider and Potter (13) with tlicir prepa- 
rations of cytochrome C. 

In the experiments dealing with tissue slice respiration, 
the organs were removed immediately following decapita- 
tion and slices 0.35 mm. in thickness were cut. The slices 
were placed in Warburg vessels containing 2 ml. of a 
medium of the following composition : NajHPO«, 0.020M ; 
NaH-POi, 0.020M ; KCl, 0.005M ; MgCb, 0.002M ; CaCU, 
O.OOIM : NaCl, 0.09M ; glucose, O.OllM ; pH = 6.7. Where 
noted, the glucose was replaced by succinate. 

RESULTS 

The effect of cytochrome C on the ATP content 

■ of kidneys from normal and anoxic rats 

The results presented in Table I show that the 
anoxia caused a 74 per cent decrease in the ATP 
content of the kidneys of the normal, non-injected 
rats. The 100-minute minus the 7-minute easily 
hydrolyzable phosphate, representing mainly hex- 
ose diphosphate, was decreased 52 per cent. There 
was no significant change in the inorganic and 
total phosphate content. 

The rats made anoxic following injection of 
cytochrome C showed a similar reduction in the 
ATP and hexose diphosphate content of the kid- 
ney. There is no statistically significant difference 
in the data of the untreated and treated rats. 

The effect of cytochrome C upon oxygen uptake 
of tissues in vitro 

It is well known (^e.g., Elliott [12] ) that the ad- 
dition of cytochrome C (together with some re- 
ductant such as hydroquinone or ascorbic acid) 
to homogenized tissue in vitro increases the oxygen 
uptake. The currently accepted explanation is 
that the cytochrome oxidase is in excess compared 
to cytochrome C. Hence in the homogenate, in 
which both cytochrome oxidase and cytochrome 


TABLE I 

Partition of the organic acid-soluMe phosphates (ntgm, P per 
100 gra/ns wet weight) of kidneys from normal rats, 
anoxic rats, and rats previously injected 
with 5 mgm. of cytochrome C 


Condition of rat 

Inorganic 

phos- 

piiatc 

7-minute 

hydro- 

lyzable 

phosphate 

(ATP) 

100-mlnute 

minus 

7-minute 

hydro- 

lyzable 

phosphate 

Total 

phosphate 


mgm.P 

mgm. P 

mgm. P 

mgm. P 

Normal 

41.9 

12.4 


89.4 


31.6 . 

5.6 

10.8 

90.7 


32.9 

11„3 

IIJ 

114.0 


32.0 

13.0 

7.3 

93.1 


24.0 

6.2 

3.7 

78.0 


28.8 

6.4 

8.0 

93.0 

Anoilc 

27.8 

8.0 

3J 

99.5 


31.8 

0.9 

8.6 

92.0 


33.2 

0.0 

3.4 

82.0 


37.6 

0.9 

3.8 

129.0 


33.1 

0.9 

1.2 

112.0 


24.3 

2.3 

3.9 

95.0 


13.8 

3.5 

3.1 

123.0 

-Anoxic, previously in- 





jeeted with 5 mgm. of 





cytochrome C 

37.8 

2.6 

7.8 

85.1 


37.9 

2.4 

4.9 

91.5 


44.6 

0.0 

3.9 

90.0 


28.2 

3.4 

5.6 

118.0 


23.1 

1.4 

4.2 

94.5 


23.6 

4.7 

4.5 

112.0 


24.4 

2.6 

2.2 

106.5 

Normal, mean d: S.E. 
Anoxic, mean d: S.E. 
Anoxic, previously in- 
jected witli cytoclirome 
C» mean d: S.E. 

31.9d:2.S 

28.8d:2.9 

31.4d:3.2 

9.2d:1.4 

2.4d:1.0 

2.4d:0.6 

8.2d:1.4 

3.9d;0.6 

4.7d:0.S 

93.0 ±4.8 
104.6 ±6 J 

99.7 ±4.7 


C are free, the further addition of cytochrome C 
saturates the cytochrome oxidase to a greater ex- 
tent and oxygen uptake is enhanced, Proger (4) 
repeated experiments of this kind with homoge- 
nates and used them to support his general con- 
cept of the effect of cytochrome C on anoxia in 
the intact animal. It seems to the authors of this 
paper that such a phenomenon in homogenates 
has little or no meaning with respect to the prob- 
lem at hand unless it can be shown that paren- 
terally administered cytochrome C enters the in- 
tact cell. Elliott (12) was unable to find any 
influence of cytochrome C upon the Oo uptake in 
vitro of intact tissue and concluded that cyto- 
chrome C does not penetrate into intact cells. 

To test whether the addition of cytochrome C 
to the medium would have any effect upon the oxy- 
gen uptake, we used relatively untraumatized tis- 
sue preparations such as kidney or liver slices, or 
whole- rat diaphragms rather than homogenates. 
We found, in the presence of glucose or succinate, 
that cytochrome C has no significant effect. The 
evidence is presented in Table II. 
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TABLE n 

The effect of cytochrome C upon the oxy^ uptake in vitro 
of diaphragms, kidney and liver slices from rats 


Expt. 

No. 

Tissue 

preparation 

Medium 

employed 

Oxygen 
uptake, 
no cytes 
chrome C 

Change in, 
oxygen uptake 
in presence of 
cytochrome C 




fiAI Ot Per 





gram ire/ 

ter cent 




wight per hour 


1 

Diaphragm 

Medium I* 

85.7 

11 

2 



100.0 

-14 

3 



75.4 

8 

4 



70.6 

IS 

5 



71.4 

5 

6 



77.8 

-5 

7 



82.4 

-3 

8 



59.4 

0 

9 



58.6 

-2 


1 

1 

1 

1 

Mean 

+ 1.7 

10 

Kidney slices 


158.5 

-13 

11 



147.6 

-7 




Mean' 

-10.0 

12 i 

Liver slices j 

1 

65.6 

6 

13 



69.1 

-2 

14 



87.8 ' 

1 

-16 




Mean 

-4.0 

IS 

Diaphragm 

Medium II* 

58.3 

8 

16 



79.3 

-10 

17 



79.5 

-13 

18 



68.1 

0 

19 



66.0 

11 




Mean 

-4.0 


• Medium I contained glucose, 0.01 IM; Na;HPO«, 
0.02M;;NaH5PO(. 0.02M: KCl, 0.005M: MgQ!, 0.002M; 
CaCl;, O.OOIM; NaCl, 0.09M, pH = 6.7. Medium II 
contained sodium succinate, O.OIM in place of the glucose 
.inMedJuml. Total vol. 2.5 ml. Cytochrome C 1.7 mgm. 

The limiting cellular oxygen uptake imposed by 
cytochrome C content 

Proger (8) emphasized that the concentration 
of cytochrome C in tissues is bclotv that required 
for maximum activation of cytochrome oxidase 
with which it is coupled in metabolic reactions. 
This, however, docs not indicate that cjTochrome 
C is necessarily a limiting factor in cellular ox}-gen 
consumption. From the data of Rosenthal and 
Drabkin (14) the turnover number of cjTodiromc 
C expressed in terms of oxygen uptake is 2.3 X 
10' of O. per gram (dn.- weight) per h.our. 
On the basis of this figure we have calculated the 
values shown in Table III. These calculations in- 
dicate that the cytochrome C concentration of 
^•ar^ous rat organs is considerably beyond that re- 
quired for the estimated physiological demand. 


T.^E m 

TTte calculated maximum oxygen uptake of various tissues 
calculated from the lurnoBer number and tissue 
concentrations of cytochrome C compared to 
physiological ranges of oxygen uptake 





Approximate 

Organ 

Cytochrome C 

Calculated 
ox>’gen uptake 

physiological 
range of 
oxygen uptake 


^ cent of 
ary wighi* 

Qoj 

Qoj 

Kidney cortex 

0.14 

720 

10-50 

Liver 

0.06 

309 

10-30 

Brain cortex 

0.04 

206 

10-40 

Striated muscle 

0.05 

257 

5-110 

Heart 

0.22 ' 

1133 

3-60 


* From data from rats by Rosenthal and Drabkin (15). 
Expressed in terms of oxygen uptake the turnover number 
of cyto<±rome C used was 2.3 X IfF of O; per gram 
drv weight per hour. The calculation of the Qo, is: 
2.3 X 10’ X 22.4 X lO"’ X P X 10-* where P is the per 
cent (dry weight) of cytochrome C in the respective tissue. 
Qoj = cu. mm. (Di per mgm. dry weight per hour. 

In the brain, for example, there appears to be 
a 5-foId reserve factor, and in striated muscle, the 
factor is 2 even under the demands of excessive 
muscular work. In the heart the factor of safetj' 
appears to be still greater, viz. 20. It is difficult, 
therefore, to understand, on the basis of the cur- 
rent concept of the function of cytochrome C in 
tissue oxidations, how the parenteral addition of 
a relatively small amount of cytochrome C, even if 
it could enter the cell, can affect oxidative cellular 
metabolism. 

SUMMARY 

1. The decreased adenosine triphosphate (ATP) 
content of anoxic rat kidney reported by Proger 
et al (5) has been confirmed. The prevention of 
the lowered ATP content of ano.xic kidney by the 
antecedent intravenous administration of cjTo- 
chrome C, reported by these authors, has not been 
obser\’ed in the present experiments. 

2. No alteration in the oxygen consumption of 
rat diaphragm and rat liver and Indncy slices was 
observed following tlie addition of cytochrome C 
to the medium in z-itro cither with glucose or suc- 
cinate as substrates. 

3. Using the turnover number of cyloc3;romc C 
and known \-alucs of tissue cstoehrome C, the 
maximum oxygen uptake of ••‘arious tissues v.t.s 
calculated. Comparison of these calculated values, 
with the range of oxygc.n requirements lends no 
support to the ccncep: th.at the cs-t^oh.rom.e C c.'n- 
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tent of tissues is a limiting factor in cellular oxida- 
tions within physiological ranges. 

We are indebted to Dr. David L. Drabkin of the De- 
partment of Physiological Chemistry for the spcctro- 
photometric standardization of the cytochrome C solutions. 
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The factor which most seriously limits the thera- 
peutic efficacy of penicillin is its rapid urinary ex- 
cretion. Thus, the renal clearance of commercial 
penidlUn in man has been found (1, 24) to vary 
between 755 and 1,120 ml. per minute, approxi- 
mating the total renal plasma flow ; and when crj's- 
talline penidllin G or X is injected intramuscularly 
in aqueous solution at average therapeutic dosage 
(0.6 mgm. per kgm.), approximately 60 per cent 
is excreted in the urine in the first hour (2 to 4). 
Largely because of that rapid excretion, the blood 
level of e.g. penicillin G falls off, after its intra- 
muscular injection in aqueous solution, at an aver- 
age rate of 70 to 80 per cent each succeeding hour, 
or 2 to 3 per cent each minute (4, 19). It is ap- 
parent that even a minor decrease in the rate of 
renal excretion would be reflected in significantly 
prolonged blood levels and a correspondingly en- 
hanced therapeutic efficac}’. 

There is considerable evidence that penicillin is 
secreted by the renal tubules, and by the same 
secretoiy mechanism as diodrast and p-aroino- 
hippuric acid. Thus, the excretion of penicillin is 
said to be depressed by the simultaneous adminis- 
tration of either of these 2 compounds in amounts 
sufficient to saturate the common tubular mechan- 
ism (5 to 10). Restriction of the water or salt 
intake (11) and the administration of benzoic acid 
or pitressin (12) are also reported to curtail the 
excretion of penicillin and to prolong the blood 
penicillin curve correspondingly. 

Since the 4 penicillin species known to be pro- 
duced by penidllium (F, G, K, and X) vary mark- 
edly in their pharmacological behavior and bac- 
tericidal actirity (2 to 4, 13, 14), it was of interest 
to determine the' renal clearance of each, over a 


widely varying range of plasma concentration, and 
with varj’ing rates of urine flow. As is sho\vn in 
the following, in both rabbits and man penicillins 
F, G, and X were found to have a renal clearance 
corresponding to the total renal plasma flow. The 
ratio of the glomerular filtration rate, simultane- 
ously determined with inulin or thiosulfate, to the 
renal clearance of penicillin did not vary signifi- 
cantly over a wide range of plasma concentrations 
and was independent of the rate of urine flow. 
In rabbits, the tubular secretory mechanism w’as 
found to have been saturated by serum concentra- 
tions on the order of 100 to 1,000 micrograms 
per ml. 

The apparently anomalous renal clearance of 
penicillin K is discussed later in the text. 

At least in the case of penicillins F, G, and X 
the nature of the side chain which differentiates 
the several species of penicillin, and which signifi- 
cantly modifies their bacteriddal activitj", thus 
has no demonstrable effect on their renal clearance. 
Further modification in that prosthetic group may 
nevertheless be a promising approach to the de- 
velopment of penicillins with low renal clearances 
and correspondingly enhanced therapeutic actirity. 

EXPERIMENTAL METHODS 

Penicillins; The purified penicillins used in these studies 
were generously proiddcd by the following pharnuiceutical 
firms; 

G— Squibb (Lot CRA-2 14-20) 

F— Upjohn (Lot 175-EA.V\V-«> 

K— Abbott (Lot RP 309 P2) 

Pfircr (Ut 3/2/40) 

X— Lcdcrie (Ixt CA-3243-1C) 

Prr.irUlin essay: The blood end urine cone-nt.-itie-n' 
were determined by a rntdified Ra-.tr-Kirby (H s-rhl 
dilution technic (cf. [4, 13J), utirg ;}:e i.-.Ml.hien r: 
hemolysis bw s;rcr;cicc»:d (C-2Ck3 jL-cin c: Strty'.'C'.cvs'. 
pyogenes) as the endp-int. The u" re 5 tuV: fee eu-e 


^ Study supported in part by the Life I.nsurance J.fedi- 
e.al Research Fund. 
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2-fold difference in concentration (i.c., 0.8, 0.72, 0.6, 0.48, 
0.4, etc. ml. of the unknown specimen in a total volume 
of 0.8 ml.) permitted a reasonably accurate and repro- 
ducible assay. 

The technic -was further modified in that the assays 
were removed from the incubator after 6 to 9 hours, by 
which time hemolysis had begun, and were then allowed 
to remain at room temperature overnight before read- 
ing. With this technic, contaminated urine specimens 
could usually be assayed without preliminary filtration, 
since the heavy streptococcus inoculum initiated hemoly- 
sis at 37° C. before it had been overgrown by the con- 
taminant, and bacterial growth in the following 10 to 15 
hours at room temperature was usually too slow to ob- 
scure the results. 

Calculation of results: The average serum concentra- 
tion over the time period represented by the successive 
urine samples was obtained in the usual manner by graphic 
interpolation (log of serum level plotted against time). 

Calibration of glomerular filtration and renal plasma 
flow: In some of the experiments, the rate of glomerular 
filtration was simultaneously determined by die adminis- 
tration of inulin or sodium thiosulfate, given cither as a 
single injection, or as a constant infusion following a 
priming dose. In some of the subjects, the renal plasma 
flow was determined with para-aminohippuric acid sev- 
eral days before or after the administration of penicillin. 
The methods used for the determination of inulin and 
para-aminohippuric acid were those suggested by Goldring 
and Chasis (16). Thiosulfate was determined by the 
method of Newman (17). 

EXPERIMENTAL 

Group I. Human subjects continuously infused 
zvith penicilllin F, G, K, or X 

The results in 6 experiments are given in detail 
in Table I and are graphically summarized in 
Figures 1 to 3. 

In subject G. J., the renal clearance of penicillin 
G averaged 525 ml. per minute. This is to be 
compared with a calculated renal plasma flow of 
717 ml. per minute and an observed clearance for 
para-aminohippuric acid of 619 ml. The parallel- 
ism between the renal clearance of penicillin G and 
the glomerular filtration rate simultaneously de- 
termined with inulin (cf. last 2 columns of Table I 
and Figure 1), and the constancy of their ratio 
(0.19 to 0.24, averaging 0.23) are particularly to 
be noted. 

The renal clearance of penicillin G in this sub- 
ject was independent of the blood level and the 
rate of urine flow, within the experimental range. 
Periods in which the blood levels averaged 2.4 and 
0.25 micrograms per ml. gave clearances of 498 and 


416 ml. per minute, respectively; and periods in 
which the urine flow was 12.5 and 2.1 ml. per min- 
ute gave penicillin clearances of 588 and 416 ml. 
per minute, respectively. 

When the same subject was infused with penicil- 
lin X (bottom of Table I), the renal clearance av- 
eraged 652 ml. per minute, in satisfactory agree- 
ment with both the calculated renal plasma flow 
(717) and the observed clearance of para-amino- 
hippuric acid (619), and 4.6 times the calculated 
glomerular filtration rate of 135 ml. per minute. 
The renal clearance was again largely independ- 
ent of the absolute serum concentration and rate 
of urine flow. With a 10-fold difference in serum 
concentration (3.6 and 0.37 microgram per ml.), 
the renal clearance varied from 456 to 699 ml. per 
minute ; and in periods in which the urine flow av- 
eraged 10.3 and 4 ml. per minute, the renal clear- 
ances averaged 787 and 722 ml., respectively. 

Subject E. W. is of particular interest (Figure 1 and 
the second section of Table I). This subject was a woman 
with long-standing hypertension, in whom the urea clear- 
ance was 58 per cent of normal, and the phenolsulfaph- 
thalein excretion was 60 per cent in 2 hours. Correspond- 
ing to the obvious impairment of renal function, the 
renal clearance of penicillin G averaged 242 instead of the 
calculated value of 617, or 40 per cent of normal. Signi- 
ficant also is the fact that as her blood pressure fell from 
218/112 to 158/114 during the first 80 minutes of the ex- 
periment, the inulin clearance increased from 52 to 97, 
and the penicillin clearance from 158 to 308, indicative of 
an increased flow of blood to the kidney. Meanwhile, the 
ratio of glomerular filtration to total renal clearance re- 
mained essentially constant at the abnormally high level 
of 0.31. As in patient G. J., the rate of urine flow had no 
significant effect on renal clearance, which varied only 
from 276 to 230 ml. per minute as the urine flow increased 
from 2.0 to 7.4 ml. per minute in 5 successive experimental 
periods. 

Penicillin F gave results essentially the same as 
penicillins G and X. The renal clearances aver- 
aged 550 and 900 ml. per minute in 2 patients in 
whom the calculated renal plasma flow was 750 ml. 
per minute. The clearance was again independent 
of the absolute blood level and of the rate of urine 
flow over the entire experimental range (c/. Figure 
3 and Table I). 

In patient M. B., injected with penicillin F, midway 
through the experiment the blood flow to the kidney ap- 
parently decreased sharply for a period of approximately 
40 minutes. This was manifested by a simultaneous and 
parallel decrease in the renal clearance of both penicillin 
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TABLE I 

The renal clearance of penicillins F, G, K and X in man 

Experiments with continuous intravenous infusion at a falling rate. Most of the patients received a priming^ dose 
of 2.5 mgm. per kgm. and the rate of infusion was slowly reduced from an initial level of 1 mgm. per kgm. per min. to 
0.16 mgm. per kgm. per min. over a period of 2 to 3 hours. In all but 2 patients, the urine specimens were collected 
by catheterization. 


Peni- 

cilUn 

species 


Urine collection 

Urine 

penicillin 

Average 

serum 

penicillin 

Renal 
clearance 
of penicillin 

Glomerular 
filtration rate, 
experimentally 
detd. with inulin 
or thiosulfate 

Ratio of 
glomerular 
filtration to 
penicillin 
Searance 

Subject 

Time 

period 

Urine 

flow 



minutes 

ml, per min. 

per min. 

M-perml. 

ml. per min. 

ml, per min. 



H.G. 

Kismi 

9.6 

550 

o.n 

714 




Wt. >= 75 kgm. 


10.2 

221 

0.53 

417 

142 



Ht. = 70 in. 

74-97 

6.1 

222 

0.41 

541 

(calcd. from 



Surface area = 

97-114 

9.7 

156 

0.29 

540 

surface area) 



1.89 sq. m. 

114-130 

11.5 

111 

0.26 

426 





130-142 

15.7 

165 

0.25 

660 








Experimental 








averages 

550 


0.26 






Calculated 








from surface 750 

142 







area 




V** 




















19-38 

0.8 

540 

0.6 

900 

121 

0.14 


M. B. 

38-56 

1.4 

300 

0.32 

937 

186 

0.20 


Wt. »= 75.5 kgm. 

56-79 

6.7 

227 

0.21 

1080 

216 

0.20 


Ht. = 68 in. 

79-98 

4.4 

55 

0.15 

365 

116 

0.32 


Surface area = 

98-118 

0.9 

32 

0.11 

291 

100 

0.34 


1.89 sq. m. 

118-137 

2.9 

55 

0.074 

737 

137 

0.18 



137-157 

7.5 

44 

0.052 

850 








Experimental 



• 





averages 

900* 

165* 

0.18 






Calculated 








from surface 750 

142 







area 






24-44 

7.9 

1195 

2.4 

498 

104 

0.21 



44-63 

9.1 

790 

1.4 

564 

123 

0.22 


G.J. 

63-84 

12.5 

646 

1.1 

588 

131 

0.22 


Wt. «= 65 kgm. 

84-104 

8.5 

437 

0.82 

533 

118 

0.22 


Ht. •= 69J in. 

104-125 

3.4 

381 

0.56 

670 

130 

0.19 


Surface area *= 

125-144 

4.6 

274 

0.48 

571 

134 

0.24 


1.78 sq. m. 

144-163 

2.3 

181 

0.41 

441 





163-183 

2.4 

146 

0.335 

436 





183-203 

2.1 

104 

0.25 

416 








Exjjerimental 








averages 

525 

123 

0.23 






Calculated 








from surface 717 

135 

0.19 






area 




G 




1 

P.4HA 









clearance 

619 





34-55t 

3.2 

1438 

9.1 

158 

52 

0.33 


E. W. 

55-74 

2.0 

1516 

5.5 

276 

76 

0.27 


Wt. ■= 78 kgm. 

74-951 

3.4 

1200 

3.9 

308 

97 

0.31 


Ht. = 03 in. 

95-114 

4.9 

7S7 

2.9 

271 




Surface area = 

114-134 

6.7 

556 

2.25 

247 




l.S sq. m. 

134-155 

7.4 

3S7 

I.6S 

230 





155-174 

5.2 

281 

1.2 

234 





174-194 

3.0 

198 

0.93 

213 




Urea clearance «= 




1 Expcrinrental 




50 per cent of 




1 averares 

242 

75 

0.31 


normal 









rhMol'ulfonphtha! 

- 







cin — 60 per cent 


* 


! from surface 617 

12'. 

o.:o 

— 

in 2 hrs. 


1 

i 

\ 

1 area 


1 
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TABLE I — Continued 


Peni- 

• 

Urine collection 

Urine 

penicillin 

AveraEC 

Renal 

Giomcrular 
fillrallon rate, 
experimentally 
detd. with inulin 
or tIiio3ulfate 

Ratio of 
Rloincrular 

dllia 

species 

Subject 

Time 

period 

Urine 

flow 

serum 

penicillin 

clearance 
of penicillin 

filtration to 
penicillin 
clearance 

• 

E. P. 

Wt. = 94 kgm. 
Ht. = 70 in. 
Surface area = 
2.11 sq. m. 

i 

minutes 

35-53 

53-70 

70-96 

96-112 

112-140 

140-161 

161-180 

180-200 

200-219 

ml. per min. 

9.5 

2.7 

1.4 

6.0 

4.4 

2.3 

08 

1.1 

? 

MX. per min. 

983 

433 

176 

418 

309 

152 

64 

63 

45 

MX. per ml. 
2.6 

2.1 

1.6 

1.1 

0.89 

0.63 

0.41 

0.27 

0.11 

ml. per min. 

378 

206 

110 

380 

348 

241 

151 

233 

406 

ml. per min. 

160 

(calcd. from 
surface area) 

0.60 



j 

1 

1 



Experimental 
averages 272 


0.60 

K 

i 





Calculated 
from surface 850 
area 

160 


W.J. 

Wt. = 57 kgm. 
Ht. = 66 in. 
Surface area = 
1.62 sq. m. 

25-67 

67-86 

86-108 

108-129 

129-153 

153-178 

178-197 

197-224 

224-243 

2.4 

2.3 

5.7 

5.0 

4.0 

4.4 

7.8 

4.6 

2.6 

481 

483 

510 

414 

326 

179 

172 

116 

37 

2.55 

2.0 

1.65 

1.22 

0.90 

0.69 

0.56 

0.41 

0.29 

189 

241 

309 

1 340 

362 

I 260 

307 

283 

128 

74 

71 

112 

115 

111 

108 

143 

108 

68 

0.39 

0.29 

0.36 

0.34 

0.31 

0.41 

0.47 

0.38 

0.53 






Experimental 
averages 269 

1 

101 

0.39 






Calculated 
from surface 665 
area 

125 

0.20 

X 

G.J. 

Wt. = 65 kgm. 
Ht. = 69i- in. 
Surface area = 
1.78 sq. m. 

24-41 
41-61 
61-82 
82-101 
101-117 
117-140 
140-162 
! 162-179 
179-201 

9.8 

4.0 

5.0 

10.3 

8.5\£ 

4.8r^ 

4.3\4 7 

5.4r-^ 

5.6 

1641 

1444 

1070 

1062 

1045Co, 

307 >602 

208\2go 

4i5r^® 

258 

3.6 

2.0 

1.6 

1.35 

asih" 

fl-35lQ r J 
0.47 

0.37 

456 

722 

670 

787 

699 

135 

(calcd. from 
surface area) 

0.19 





Experimental 
averages 652 


0.22 






Calculated 
from surface 717 
area 

135 

0.20 






PAHA 

clearance 

(detd.) 

619 




* Two periods of obviously decreased renal plasma flow were not included in calculating averages, 

'** Because of the small amounts of penicillin F available, the dosage in these 2 patients was approximately half 
that used in the experiments with G, K, and X 
t Blood pressure 218/112. 
j Blood pressure 158/114. 


and tliiosulfate and a significant increase in the ratio of 
glomerular filtration to total renal clearance. All 3 
values returned to normal levels in the last 2 experimental 
time periods. 


Contrasting with the values obtained for the 
clearance of penicillin G and X, tire renal clearance 
' of penicillin K in 2 normal subjects averaged 272 
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PENICILUN C 
(G J.) 


PENICILUN G 
(E.W- HYPERTENSIVE) 



TIME IN HOURS TIME IN HOURS 


Fig. 1. The Blood Li:\xl, Uri.ve Excretio.v axd Resal Cleaeaxce of Pexicilli:.' 
G IK Subjects G. J. akd E. W. 

Continuous intravenous infusion at a falling rate (After data of Tabic I). 


and 269 ml. per minute. Within each experiment, 
however, the results in individual time periods 
varied widely, tlie renal clearances trying from 
no to 406 in one subject, and from 12S to 362 in 
tlie other. These \-ariations had no demonstrable 
relationship to citlicr tlie blood level or rate of 
urine flow. In these 2 subjects, tlie calculated re- 
nal plasma flow was 850 and 665 ml. per minute, 3 


and 2.5 times greater than the clearance of peni- 
cillin K. The low \-alues for the renal clearance of 
penicillin K, whidi were confirmed in tr.c larger 
group of patients discussed in the folio v.-:ng section, 
are significant in relation to the low urine recovery 
of that penicillin species as conipared with that of 
penicillins F, G, or X (rj. page 914), 
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Group 11. The renal clearance oj penicillins G, K 
and X in human subjects receiving a single in- 
travenous or intramuscular injection oj an 
aqueous solution 

The determination of the renal clearance of peni- 
cillin in subjects receiving a single injection of the 
aqueous solution was far less accurate than the 
continuous infusion technic used in the experi- 
ments of the previous section. The rapidly falling 


blood level made the “average” value over a given 
time period of dubious quantitative significance, 
while a relatively small amount of residual urine 
in patients who voided voluntarily, or incomplete 
bladder washing in patients who were catheterized, 
introduced. a large error in the following sample. 
Despite these limitations, it is clear from the data 
of Table II that the renal clearance of penicillins 
G and X generally approximated the total renal 


PENICILUN K PENICILUN X 

(WJ.) (6.0.) 



TIME IN HOURS TIME IN HOURS 

Fig. 2. The Blood Level, Urine Excretion and Renal Clearance of Penicillins 
K AND X IN Subjects W. J. and G. J. 

Continuous intravenous infusion at a falling rate (After data of Table I). 
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PENICILLIN F. PENICILLIN F 

rtC. MB. 



Fic. 3. The Blood Level, Urike Excretion and 
Renal Clearance of Penicillin F in Subjects H. G. 
AND M. B. 


Continuous intravenous infusion at a falling rate (After 
data of Table 1). 

plasma flow and averaged 4 to 6 times the glomeru- 
lar filtration rate. 

Patient A\’'. an apparent exception, ^vas a hj-per- 
tensivc with a blood pressure of 210/135. The penicillin 
clearance of G in this patient was considerably less than 
the calculated normal renal blood flow, and the results in 
successive time periods were highly variable. However, 
the ratio of the glomerular filtration rate, experimentally 
determined witli inulin. to the total renal clearance of 


penicillin was fairly constant, averaging 0.23. The low 
average clearance in this patient is probably attributable 
to renal damage associated with long-standing h>-perten- 
sion, and the variability in successive periods can prob- 
ably be related to the patient’s apprehensiveness and in- 
complete voiding. 

Penicillin K again gave results differing from 
those obtained with penicillins G and X. In the 5 
patients studied, the obsert^ed renal clearance of K 
averted 0.3, 0.2, 0.9, 0.5 and 0.25 of the calculated 
renal plasma flow. It is particularly to be noted 
that of these 5 patients, one (D.), when tested 
with G, gave a normal clearance of 850 ml. per 
minute, 4 times the value obtained with K; and a 
second patient ( J. W.) , who gave an average clear- 
ance of 165 ml. per minute with penicillin K, gave 
clearances of 600 and 1010 ml. per minute when 
tested with X. 

Group III. The renal clearance of penicillin G in 

in man after its injection as a suspension in 
peanut oil and beeswax 

In 2 patients, the renal clearance of penicillin G 
was determined after its injection as a finely 
divided suspension of the potassium salt in peanut 
oil and 4.8 per cent beeswax (Romansky formula 
[IS]). The prolonged and slowly falling blood 
levels obtained with this preparation proved ad- 
mirably suited to the study of renal clearances. In 
2 such experiments, summarized in Table III, the 
average renal clearances were 687 and 471 ml. per 
minute, to be compared with the calculated renal 
plasma flows of 796 and 632. These clearances 
were 4.2 and 3.3 times the glomerular filtration 
rate as determined with sodium thiosulfate. 

Group IV. The renal clearance of penicillin in 
rabbits 

The results obtained in rabbits injected intra- 
muscularly with the crj'stalUne penicillins arc 
summarized in Table IV. The renal clearance of 
penicillins F, G, and X, studied in a total of 17 
rabbits which received 0.35 to 60 mgm. per kgm.. 
varied from IS to 100. In 4 rabbits receiving peni- 
cillin F, the renal clearance averaged 32 ml. per 
minute (15 to 46 ml. per minute), in 8 rabbits rc- 
ceiring penicillin G at dosages o: 0.6 to 60 mgm. 
per kgm. tlie average clearance was 59 m.l. pe.' 
minute (17 to III ml. per minute), and in 5 rab- 
bits receiving penicillin X the average clearance 
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was 36 ml. per minute (23 to 54 ml. per minute). 
These results are to be compared with a reported 
(18) renal plasma flow in rabbits of 1.5 to 4.8 ml. 
per minute per gram kidney, or a range of 24 to 
77 ml. per minute in rabbits with a total kidney 
weight of 16 grams. 

One can only speculate as to the degree to which 
the technical manipulations of repeated catheteri- 
zation and cardiac punctures affected the blood 
flow to the kidney, and contributed to the discrep- 


ant results sometimes obtained in successive time 
periods in the same animal. In most of the ex- 
periments the renal clearance of penicillin probably 
approximated the renal plasma flow; while the 
signiflcantly lower values sometimes obtained may 
reflect a decreased blood flow to the kidney under 
the conditions of the experiment. 

Five rabbits were injected with penicillin K at 
0.6 mgm. per kgm. However, the speed with 
which the blood levels fell and the short periods of 


TABLE n 


The renal clearance of penicillins G, K and X in man 

Single intramuscular or intravenous injection. AH urine specimens collected by spontaneous voiding, and not 
by catheterization. 


Peni- 

cillin 

species 

i 

Subject 

Time 

period 

Urine 

flow 

Urine 

peni- 

cillin 

Average 

serum 

penicillin 

Renal clearance of 
penicillin 

Rate of glomerular 
filtration 

Ratio of 

Experi- 

mental 

(Aver.) 

Calcu- 

lated 

from 

surface 

area 

Experi- 

mentally 

detd. 

with 

inulin 

■SSI 

■kSmI 

filtration 
to peni- 
cillin 
clearance 

! 

, G 

W. B. (hypertension) 
Wt. = 73 kgm. 

Ht. = 6n in. 

Surface area = 

1.85 sq. m. 

hours 

hi 

M 

1-2 

ml. per 
min. 

7.1 

9.3 

6.2 


MS- Per 
ml. 

1.45 

0.76 

0.31 

486 

308 (335) 
216 

745 

i 

B 

127 

0.19 

0.27 

0.23 

D. 

Wt. = 79 kgm. 

Ht. = 75 in. 

Surface area == 

2.06 sq. m. 

o-H 


441 

0.52 

850 

822 


150 

0.18 

K 

W. B. 

Wt. = 73 kgm. 

Ht. = 671 in. 

Surface area == 

1.85 sq. m. 

hi 

hi 

1-2 

7.1 

9.3 

6.2 

408 

204 

89.6 

2.60db 

1.10 

0.27 

157 

185 (225) 
332 I 

745 

98 

92 

90 

127 

0.62 

0.41 

0.27 

■ 

D. i 

Wt. = 79 kgm. j 

Ht. = 75 in. 1 

Surface area = 

2.06 sq. m. 

0-1 


90 

0.48 

188 

822 


150 

0.80 

H. 

Wt. = 57.3 kgm. 

Ht. = 70| in. 

Surface area = 

* 5 

i 5.9 

188 

0.30 

627 

685 

124 

129 

0.20 

L.B. 

Wt. = 6H kgm. 

Ht. == 66J in. 

Surface area = 

1.69 sq. m. 

o-§ 


150 

0.40 

375 

675 


127 

0.34 

J.W. 

Wt. = 60.5 kgm. 

Hl = 67 in. 

Surface area = 

1.68 sq. m. 

0- J 

1- 2 


116 

69 

18.6 

0.84 

0.46 

0.09 

138 

150 (165) 
207 

670 


126 

0.76 
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TABLE II — Continued 


Peni- 

cillin 

species 

Subject 

Time 

period 

Urine 

flow 

Urine 

peni- 

cillin 

Average 

serum 

penicillin 

Renal clearance of 
penicillin 

Rate of glomerular 
filtration 

Ratio of 
glomerular 
filtration 
to peni- 
cillin 
clearance 

Experi- 

mental 

(Aver.) 

Calcu- 

lated 

from 

surface 

area 

Experi- I 
mentally 1 
detd. ' 
with 
inulin 

Calcu- 

lated 

from 

surface 

area 

X 

T. 

\Vt. = 58 kgm. 

Ht. = 66i in. 

Surface area = 

1.66 sq. m. 

hours 

i-i 

J-1 

1-2 

ml. i)tr 
min. 

18.8 

8.5 

2.3 



1560 

668 (920) 
533 

? 

140 

144 

126 

0.21 

0.27 

J.W. 

Wt. = 60.5 kgm. 

Ht. = 67 in. 

Surface area = 

1.68 sq. m. 

0-1 

1-2 


241 

202 

0.40 

i 

0.20 

600 (800) 

1010 

670 


126 

0.21 

0.13 

R.W. 

Wt. = 53 kgm. 

Ht. = 64 in. 

Surface area = 

1.55 sq. m. 

i-1 

i 1 

1-2 1 

2.6 

6-5 

76.5 

27.9 

0.135 

0.054 

567 

517 (540) 

625 

[ 

117 

0.21 

0.23 

G. 

Wt. = 75 kgm. 

Ht. = 68 in. 

Surface area = 

1.86 sq. m. 

i-i 

M 

1-2 

15.9 

7.8 

4.1 

635 

169 

287 


1410 ? 

845 (865) 
342 

750 

154 

154 

69 

141 

0.11 ? 

0.18 

0.20 

B.H. 

Wt. = 51 kgm. 

Ht. = 64 in. 

Surface area = 

1.52 sq. m. 

1-2 

2- 3 

3- 4 

H 

188 

72 

19 

0.41 

0.14 

0.05 

460 

534 (450) 
366 

453 


115 

0.25 

0.22 

0.31 

S. 

Wt. = 67 kgm. 

Ht. = 691 in- 
Surface area = 

1.82 sq. m. 

0-1 

1-2 


410 

157 

0.60 

0.19 

700 ± 

826 (760) 

763 


1 137 

0.20 

0.17 


time for which penicillin remained at measurable 
levels precluded a precise measurement of the 
average blood level during the period of urine 
collection, and the figures in Table V with respect 
to the renal clearance of penicillin K are of du- 
bious significance. 

In an attempt to saturate the tubular secretory 
mechanism, rabbits were injected intravenously 
with 6, 60 and 600 mgm. per kgm. of penicillin G, 
and blood and urine specimens were obtained for 
assay in the usual manner. As is shown in Table 
IV, after injection at 6 or 60 mgm. per kgm. the 
renal clearance of penicillin remained at a high 
level which did not lairy significantly over the en- 
tire range of plasma concentration studied, and 
approximated the total renal plasma flow. Satura- 
• tion of tlic tubular excretory- mechanism M-as, how- 


ever, achieved by a single intravenous injection 
of penicillin G at 600 mgm. per kgm., which cor- 
responds to 60 million units in the average human 
adult. As is shown in Table V, in 2 rabbits so 
injected, with initial blood levels 5 to 7 minutes 
after the injection , of 2,667 and 3,200 micrograms 
per ml,, the renal clearance of penicillin in the fir.-t 
hour after the injection was abnormally low (9.0, 
decreasing to 3 ml., in rabbit 5791, and 7 ml. jat 
minute in rabbit 5939). Tliese values are of the 
same order of magnitude as the norntal rate (•: 
glomerular filtration reported by Walker and his 
associates (IS). The renal clearance remair.ed at 
this low level until the plasma crincentration hr.fi 
fallen in I instance to approximately 1 ,5fO, ar-.d ir. 
the other to approximately 1.000 y.z. Th-ere.-.;:' r. 
the renal clearance rr,=e. in 1 in.'trn'e <-h'rply. 
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TABLE III 

The renal clearance of penic-illin G in man after the intramuscular injection of a suspensioil hi peanut oil and beeswax 

300,000 units per ml. equals 180 mgm. per ml. 


Patient 

Penicillin dosage 

Urine collection 

Urine 

penicillin 

Avernge 

penicillin 

blood 

level 

Renal 

clearance of 
penicillin 

Glomer- 
ular . 
filtration 
rate* 

Ratio of 
Elomerulir 
filtration 
to total 
renal 
clearance 

Time 

periods 

Urine 

flow 

A. K. 

Ht. = 711 in. 

Wt. = 79 kgm. 
Surface area = 
2.0 sq. m. 

1 

! 

1 ml. = 2.3 mgm. 
per kgm. 

1 

tninuUi 

35-56 

56-77 

77-104 

104-166 

166-185 

185-391 

1 

ml. per 
min. 

1.0 

2.1 

2.5 

1.6 

1.5 

0.7 

1 

ne. per 
min. 

213 

309 

245 

476 

1010 

311? 

1 

1 

0.36 

0.40 

0.42 

0.60 

0.92 

1.10 

1 

1 

ml. per min. 

592 

772 

583 

793 

1097 

283 

Experi- 
mental 
average 687 
Caied. 
from sur- 
face area 7P5 

133 

184 

187 

i 

168 

150 

■ 

S. C. 



1.6 

361 

0.65 

555 

150 

0.27 

Ht. = 65^ in. 

0.9 ml. = 3.1 mgm. 


1.4 

364 

0.76 

479 

112 

0.24 

Wt. = 52 kgm. 

per kgm. 

78-96 

2.1 

507 

0.90 

563 

145 

0.26 

Surface area = 

1 

96-118 

2.6 

383 

1.00 

1 383 

i 111 

0.29 

1.57 sq. m. 


118-145 

2.8 

383 

1.00 

383 

99 

0.26 



145-240 

1.2 

508 

1.10 

462 









Experi- 









mental 









average 471 

123 

0.25 







Calcd. 




1 





from sur- 




1 

1 

1 

• 



face area 632 

118 



* Experimentally determined with sodium thiosulfate. 


and in 1 progressively, to reach peak values of 18 
to 28 and 23 to 57 ml. per minute. As is shown 
in Figure 4, the rate at which penicillin G disap- 
peared from the blood of these 2 rabbits paralleled 
its renal clearance. During the phase of tubular 
saturation, the blood level fell slowly; but as the 
renal clearance increased toward normal levels 
there was a parallel accelerating drop in the serum 
concentration, particularly evident in rabbit 5791. 

In the latter rabbit the glomerular filtration rate 
and renal plasma had been determined experi- 
mentally with sodium thiosulfate and para-amino- 
hippuric acid, 2 days before the injection of the 
penicillin. The observed glomerular filtration 
rates of 6.0 and 6.4 ml. per minute agree with the 
renal clearance of penicillin during the period 
of tubular saturation (3 to 9 ml.) ; while the para- 
aminohippuric acid clearances of 17.5 and 18.0 ml. 
per minute are in reasonably good agreement with 
the penicillin clearances of 18 to 28 ml. per minute. 


obtained when the plasma levels had fallen below 
the level of tubular saturation. 

The results in a number of rabbits’ experiments 
in which the animals received varying amounts 
of commercial sodium penicillin (of unknown 
composition with respect to penicillins F, G, K, 
and X), given as a single injection, are summarized 
in Table V. In 7 rabbits injected at dosages of 
4,000, 8,000, or 150,000 units per kgm., the aver- 
age renal clearances were 53, 57, 40, 28, 42, 24, 
and 43 ml. per minute. In these experiments the 
blood level varied from a peak of 45 (ig. per ml. 
to a low of 0.044 fxg. 

In rabbit 5660, injected with commercial peni- 
cillin at 1,200,000 units per kgm., the renal clear- 
ance was abnormally low, with observed values of 
10, 13, 5.7, and 4.9 ml. per minute in successive 
time periods. As had previously been found with 
penicillin G, the tubular secretory mechanism had 
been saturated by the high blood levels, which in 
this animal ranged from 580 to 800 fig. per ml. 
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DISCUSSION 

1. The data here presented indicate that in both 
rabbits and man, penicillins F, G, and X are se- 
creted into the urine by the kidney at a rate which 
corresponds essentially to their total removal from 


the blood reaching that organ. The normal renal 
clearance of penicillin so closely approximates the 
renal plasma flow as determined experimentally 
with para-aminohippuric acid that it may be used 
as a test of kidney function. Indeed, penicillin has 


TABLE IV 


The renal clearance of penicillins F, G, K and X in rabbits 
Single intramuscular injection 


Penicillia 

species 

Rabbit 

no. 

Weight 

Penicillin 

dosage 

Time of urine 
collection 

Urine 

penicillia 

Average serum 
penicillin 

Renal clearance 
of penidllia 


5244 

2.25 

mgm» fier kgm. 

0.35 

hours 

0-1 

lig. ter ml. 

7.7 

fig. per mi. 

0.25 

ml, per min. 

31 

F 

5245 

2.5 

0.6 

0-1 

1-2 

14.3 

2.5 

0.42 

0.063 

|^}(37) 


5296 

2.22 

0.6 

0-1 

1-2 

8.6 

0.86 

0.4 

0.1 

22 

8.6 


5446 

3.14 

0.6 


6.9 

0.15 

46 

G 

5318 

2.72 

0.6 

0-1 

30 

0.27 

111 

5428 

2.73 

0.6 

1’2 

10.5 

2.83 


1^}(24) 

5445 

3.08 

0.6 

1- i 

1-2 

2- 3 

10 

5.75 

3.8 

0.18 

0.11 

0.07 

^9 

5467 

2.8 

0.6 

i-1 

1-2 

12.3 

3 

0.2 

0.038 

g)(;o) 

5159 

2.37 

1.5 

1-2 

23 

0.42 

55 

5187 

2.24 

1.5 

1-2 

14.7 

0.85 

17 

5843 

2.74 

6 

4-1 

1-2 

1,170 

384 

90.5 

21.6 

11 

3.1 

1.3 

0.25 


5823 

2.48 

60 

0-1 

1-2 

2-4 

4-6 

1,813 

249 

66.7 

7.5 

20 

6.3 

2.65 

0.35 

91] 

2lJ 

5791* 

2.44 

600 


20,800 

13,030 

4,630 

5,000 

2,338 

452 

5S 

40.S 

27.8 

21.3 

2,300 

1,800 

1,560 

1,500 

130 

5.2 

2.6 

1.8 

1.0 

0.92 

9.0 

7.3 

3.0 

3J 

18 

90 

22 

22 

28 

23 

59S9t 

2.S2 

1 

1 

600 

0-36 min. 
36-66 min. 
66-106 min. 
106-136 min. 
136-166 min. 
166-199 min. 
199-252 min. 
232-262 min. 

16,667 

7,310 

8.890 

2,600 

1.891 

931 

415 

320 

2,400 

1,050 

359 

no 

40 

16.3 

10 

6.7 

6.9 

7.0 

23 

24 

0 • 

57 

42 

48 
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TABLE IV — Coulhlticd 


Penicillin 

species 

Rflbbit 

no. 

Weight 

Penicillin 

dosage 

Time of urine 
collection 

Urine 

penicillin 

Average scrum 
penicillin 

Renal clearance 
of penicillin 

K 

5186 

2.73 

mint, per kim. j 
0.6 ! 

hours 

0-1 

US. Per ml. 

8.15 

UK. per ml. 

0.3± 

ml. per min. 

27 

5210 

2.23 

0.6 

1 

0-1 

12.3 

0.12i: 

100 

5242 

3.16 

0.6 

0-1 

10.1 

0.35? 

29 

5319 

3.09 

0.6 

0-1 ! 

8.8 ! 

0.17± 

52 

5447 

2.93 

0.6 

0-i i 

9.0 ! 

0.22rfc 1 

41 

X 

5252 

2.35 

0.6 

1-2 

2.9 

0.115 

25 

5258 

. 2.11 

0.6 

1-2 

3.6 

0.09 

40 

5327 

2.85 

0.6 

1-2 

5.7 

0.16 

36 

! 

5449 1 

1 

3.03 

0.6 

1- 1 

1-2 

2- 3 

18.3 

5.6 

1.66 

0.265 

1 0.11 

0.04 

69) 

i 5lk54) 

42] 

i 

5465 

2.8 

1 

0.6 

1- l 

1 1-2 

2- 3 

2.7(?)* 
i 2.7 

1.75 

0.165 

0.095 

0.07 

17(?)1 

28 V(23) 

25 j 


Injected intravenously instead of intramuscularly, 
t Average value questionable because of rapidly changing blood level in this period. 


certain unique points of superiority over diodrast, 
para-aminohippuric acid, or any other substance 
currently used for that purpose. The plasma con- 
centrations of the latter compounds cannot exceed 
a level of 3 to 5 mgm. per cent, as higher concen- 
trations may so overload the tubular mechanism 
responsible for their secretion that complete ex- 
traction does not take place. On the other hand, 
plasma concentrations much lower than 1 mgm. 
per cent do not permit accurate determinations by 
the usual laboratory methods. In consequence, the 
useful range of plasma concentration varies only 5- 
fold. With penicillin, however, because the bio- 
logical method used for assay is sensitive to as little 
as 1 part in 80,000,000 (0.00125 mgm. per 
cent) , and because complete renal clearance is ob- 
served up to a minimum level of 1 mgm. per cent 
in man (10 /ig. per ml.), and in rabbits of at least 
4 mgm. per cent, there is as least a 1,000-fold range 
of plasma concentration within which the renal 
clearance of penicillin can be used as a measure of 
renal function in man. 

2. The low renal clearance of penicillin K in 
man, approximately % to % tliat of penicillins F, 
G, or X, would at first sight imply that penicillin 
K is excreted more slowly than tlie other species. 


This should be reflected in a more sustained blood 
level. Instead, previous work in this and other 
laboratories (2 to 4) has shown that penicillin K 
disappears from the blood more rapidly than 
do the other penicillins. Moreover, the total uri- 
nary excretion in man has been shown to average 
only 30 per cent of the amount injected, as com- 
pared with recoveries for G and X of 80 to 100 
per cent. The contradictions involved in a low 
renal clearance, a rapidly falling blood level, and 
a low urinary recovery may be more apparent 
than real. The low urinary recovery of penicillin 
K, and its rapid disappearance from the blood 
are probably referable to the fact that it is bound 
and inactivated by both the plasma (14, 20) and 
tissues (21, 22, 23) to a greater extent than is 
e.g. penicillin G. That combination with plasma 
protein may be not only quantitatively more com- 
plete, but also less freely reversible, and thus 
prevent the complete removal of penicillin K from 
the blood by the renal secretory mechanism. 

3. The fact that penicillins F, G, and X have a 
renal clearance approximating the total plasma 
flow through the kidney is reflected in the rapidly 
falling blood levels observed after their intravenous 
or intramuscular injection in aqueous solution. 



RENAL CLEARANCE OF PENICILLINS F, G, K, AND X 


915 


Attempts to modify the rate of excretion by re- 
ducing the rate of urine flow, as by restricting salt 
and water intake, or. by administering pitressin, 
are physiologically unsound. As is true of other 
substances with maximal tubular secretion, the 
renal clearance of penicillin has been shown to be 
unaffected even by wide variations in the rate of 
urine flow. Such measures could modify the rate 
of secretion only by affecting the blood flow to the 
kidney. 

A second suggested method of delajnng the ex- 
cretion of penicillin is to block its excretion by the 
administration of other substances excreted by the 
same tubular mechanism. Diodrast, para-amino- 
hippuric acid and benzoic acid (5 to 10, 12) have 
all been reported as effective in this respect. The 
difficulty lies in the fact that these blocking sub- 
stances are as rapidly excreted as the penicillin it- 
self. To maintain an effective concentration of 
such blocking ^ents may prove no less laborious, 
and with some of these agents, no less costly, than 


TABLE v 

The renal clearance of penicillin in rabbits 
Single intramuscular injection of commerdal sodium salt 


Rab- 

bit 

no. 

Veighl 

Penidllln 

dosage 

Time of 
urine 
collec- 
tion 

Urine 

penicillin 

Average 

serum 

peni- 

ciUin 

Renal 
clearance 
of peal- 
c^in 

3851 

hem, 

2.5 

units per 
hem. 

4,000 

hours 

1-2 

2-3 

units PfT 
min. 

8.55 

2.3 

units per 
ml. 

0.16 

0.044 

ml, per 
min. 

3925 

2.8 

4,000 

1-2 

12.4 

0.28 

BS 





2-3 

4.5 

0.065 


57 

4100 

2.64 

8,000 

1-2 

38.1 

1.05 

361 





2-3 

6.9 

0.16 

43J 





1-2 

20.5 

1.0 

pjjf 


4157 

2.62 

8,000 

2-3 

6.7 

O.IS 






3-4 

0.78 

0.03 



4132 

2.43 

8,000 

1-2 

41.5 

1.0 

42 

4158 

2.32 

8,000 

1-2 

7.1 

0.3 

24 


mm 

150,000 


1,408 

45 

331 



HI 


i-1 

2,432 

45 

54 





1-2 

1,360 

54 

40 

45 


^^1 


2-3 


19 

39 





5-4 

596 

13 

46 


5660 

2.7 

1.200,000 

i-i 

5,713 

580 


> 




i-i 

9,856 

770 

i 13 

1 




1-2 

4,576 

800 

1 5 

< { 



, 

2-5 

5,422 

700 
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to repeat the injections of penicillin or to increase 
the dosage. 

The most effective method yet suggested of pro- 
longing the time for which penicillins F, G, and X 
remain in the blood at effective concentrations is 
to delay its absorption from an intramuscular de- 
pot. This has been accomplished b}' injecting the 
drug as a suspension in peanut oil and beesrvax 
(15). The absorption then proceeds at a slower 
rate than the excretion, and the time for which the 
penicillin remains in the blood in demonstrable and 
effectively bactericidal concentrations is signifi- 
cantly prolonged. 

4. It is clear from the data here reported that the 
therapeutic efficacy of penicillin would be greatly 
enhanced were it possible by appropriate chemical 
modification to decrease its renal clearance. An 
antibiotic u-ith the same bactericidal activity as 

TABLE \T 

The renal clearance of penicillins F, G, K, and X 
in man and in rabbits 

Summar>’ of all experiments 


Penicillin 

species 

Renal clearance, ml. per minute 

Man 

1 

Rabbit 

1 Observed clearances 

Mean 

of 

all 

expts. 

1 

1 

Observed 

clearances 

Mean 

! 

Contin- 
! uous 
; infu- 
sion 

, Single 
injec- 
tion, 
aque- 
ous 

Single 

injec- 

tion. 

POB 

1 

F 

550 

900 

■ 

■ 

725 

31, 37, 15, 
46 

32 


525 

335 

850 

687 

409 

560 

111.24, 54, 
70, 55, 18, 

96.44.24, 
65 

56 

1 

t 

[ 

H 

272 

269 

225 

ISS 

627 

375 

165 

1 


300 

1 


X 

652 

920 

800 

542 

865 

450 

763 

1 

710 

j 

1 

i ' 

26.40,36, 

54,23 

> 1 

1 ; 

1 • 

36 

Commercial 1 
pei::nl!m j 

i 

1 1 

t ; 

! ; 53.57.40. i 41 

' 2'. 42. 24. I 

1 j 45 i 
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RABBIT S791 RABBIT 5939 

PENICILLIN 6 AT 600MG./Ka PENICILLIN Q AT COOMCyKG. 



0124 68 10 12 I 234 

TIME IN HOURS TIME IN HOURS 

Fig. 4. The Saturation of the Renal Secretory Mechanism for Penicillin G 
BY a Single Massive Intravenous Dose of 600 mgm. per kgm. 


penicillin in vitro, but with a renal clearance in 
man of e.g., 150 instead of 600 ml.* per minute, 
might well be many times more active, since both 
the serum concentration of penicillin and the time 
for which an effective level was maintained would 
thereby be increased. The present experiments 
with F, G, and X indicate that the groupings pres- 
ent in these 3 species have no demonstrable effect 
on the rate of tubular secretion; and the appar- 
ently lower renal clearance of K is more than 
counteracted by some of its other pharmacological 
properties. It is nevertheless possible that deriva- 
tives of penicillin produced either b)'' direct chem- 


ical modification or by the addition of appropriate 
precursors to the culture medium may have a sig- 
nificantly lower renal clearance than the 4 natural 
penicillins here studied, and a correspondingly en- 
hanced therapeutic activity. 

SUMMARY 

1. The renal clearance of penicillins F, G, and X 
in man was found to approximate the total renal 
plasma flow and was approximately 4 to 5 times 
greater than the renal clearance of inulin or sodium 
thiosulfate. The penicillin clearance was inde- 
pendent of the absolute blood level over the entire 




renal clearance of penicillins F, G, K, and X 
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range 0.05 to 10 per ml. and was similarly inde- 
pendent of the rate of urine flow. 

2. The possibility is suggested that penicillin can 
be used in lieu of para-aminohippuric acid or dio- 
drast as a test of renal plasma flow and renal 
function. 

3. The renal clearance of penicillin K in man 
varied from ^ to % that of F, G, or X. Pos- 
sible explanations for this anomalous result are 
discussed in the text. 

4. The tubular excretory mechanism was com- 
pletely saturated in 2 rabbits receiving 600 mgm. 
per kgm. of penicillin G. In these the initial blood 
levels were 2,667 and 3,200 fig. ; and the initial re- 
nal clearances of 3 and 7 ml. per minute corre- 
sponded to the glomerular filtration rate. As the 
serum concentration fell to less than the saturation 
level for the tubular mechanism, the renal clear- 
ances rose to normal levels of 18 to 28 and 23 to 
57 ml. per minute. 

5. Although no differences were found between 
the renal clearance of penicillins F, G, or X, the 
possibility is suggested that penicillin derivatives 
may be produced with significantly lower clear- 
ances than those of the natural penicillins so far 
identified, and with correspondingly enhanced 
therapeutic activity in vivo. 
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The renal clearances of penicillins F, G, and X 
have been shown to approximate the total renal 
plasma flow (1, 2), varj'ing between 529 and 865 
ml. per minute in man, and 23 to 111 ml. per min- 
ute in rabbits (2). In consequence of that rapid 
excretion, the serum concentration of penicillin G 
decreases after its intramuscular injection in 
aqueous solution, at an average rate of 2 to 3 per 
cent of the residual penicillin per minute, and 70 
to 80 per cent per hour ; and it disappears from the 
blood even more rapidly after intravenous injec- 
tion (3, 8). A therapeutic agent equal to penicil- 
lin in bactericidal activit}'', but with a slower rate 
of absorption or excretion, would provide effective 
levels for longer periods of time, and might be 
correspondingly more effective than penicillin sim- 
ilarly injected. 

The antibiotic agent discovered by Johnson, An- 
ker and Meleney (4) in culture filtrates of a strain 
of B. subtilis (Tracy), and termed by them baci- 
tracin, possesses some of these properties. As will 
be here shown, it is excreted by both rabbits and 
man at a rate which corresponds approximately to 
the rate of glomerular filtration, rather than to the 
total renal plasma flow. In consequence, the blood 
levels obser\’cd after its intravenous or intra- 
muscular injection fall off more slowly than do 
those of penicillin, and a given dosage prorddes 
effective levels for longer periods. The implica- 
tions of these findings witli respect to the thera- 
peutic efficacy of this agent arc discussed in the 
text. 

METHODS AKD M.\TEP.I.\LS 

Bacitracin. Tlircc difTcrent lots of bacitracin were used 
in these studies. The courtesy of Dr. Frank L. Meleney 

* Supported in part by the Life Insurance Medical Re- 
'earch Fund. 


in facilitating their procurement is gratefully acknowl- 
edged. The 3 lots, designated in the tables as A, 
B-lOO, and PB-1, had relative gravimetric activities in 
vitro against the C-203 strain of Streptococcus pyogenes 
of 100, 165, and 330, respectively. Their activity in terms 
of the unit as defined by Meleney and his co-workers (4) 
was 18, 30, and 60 units per mgm., respectively. Lot PB-1 
was concentrated in this laboratory from a commercial lot, 
B-103. 

Blood specimens in rabbits were obtained by cardiac 
puncture, and urine specimens bj’ bladder catheterization 
and irrigation. 

Method of assay. A modified Rammelkamp-Rantz- 
Kirby method (5, 6), in which inhibition of hemolysis by 
the C-203 strain of Streptococcus pyogenes served as 
the endpoint, was used to assay the levels of the anti- 
biotic in the blood and urine. The endpoint was not as 
sharp as with penicillin, and somewhat coarser inter- 
polations were used than had proved feasible with tlic 
latter drug (2, 7). The unknown sample, in appropriate 
dilution as determined by a preliminao' spot-assay, was 
distributed in amounts of 0.8, 0.64, 0.48, 0.4, 0.32, 0.24, 0.2 
. . . ml., and the volumes brought up to 0.8 ml. with 
broth. To all the tubes were then added 0.3 ml. of 4 per 
cent rabbit (or human) blood broth, inoculated with 
1/2,500 part of a fresh 6- to 8-hour culture of the organ- 
ism in blood broth. Difficulties introduced by the oc- 
casional contaminated specimen were overcome by re- 
moving the assays from the incubator after 6 to 8 hours, 
when the streptococci had multiplied sufficiently to ini- 
tiate hemolysis, but before they had been overgrown by 
the contaminant- The tubes were then allowed to stand 
at room temperature overnight, and the results read th- 
next morning. ' 

The threshold concentration for inhibition under th- 
conditions of Oiis assay averaged on the order of 0.01 
"units” per ml., or 0-3 ps- of the impure preparation B- 
100. The threshold concentration of penicillin G under 
the same conditions was 0.015 m". per ml. 

EXPERIMENTAL 

Blood levels oj tccitrccir. ir. rabbits cr.d ir.sr.. 
Nine hitman subjects were injectec intramuscu- 
larly with bacitracin in aqueou' sr/.utif.n at 
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varying from 14 to 150 units per kgm., represent- 
ing 0.8 to 5 mgm. per kgm. of the preparations 
used. Rabbits were injected both intravenously 
and intramuscularly at dosages varying from 10.8 
to 1,080 units per kgm. (0.6 to 60 mgm. per kgm.). 
The blood levels at varying intervals thereafter are 
graphically summarized in Figures 1 and 2, in 
which the bacitracin dosages and blood levels are 
expressed both as units and milligrams in order to 
permit comparison with the average curves given 
by penicillin G similarly injected. 

In individual rabbits, the serum concentrations 
at any given time were linearly related to the dos- 
age injected ; and the average curves of Figure 1 
reflect the constancy of that relationship. In man, 
the relationship between dosage and blood level 
was evident, but less regular (Table I) . 

There was a striking difference between the rate 
at which bacitracin and penicillin G disappeared 
from the blood. In rabbits injected intravenously, 
bacitracin disappeared from the blood at an aver- 
age rate of 50 per cent of the residual activity per 
hour. With penicillin G, the hourly rate of fall has 
previously been found to be 70 to 80 per cent after 


RABBITS 



TIME IN HOURS 


Fig. 1. The Average Blood Level of Bacitracin in 
Rabbits after its Intramuscular Injection at 6 mgm. 
PER KGM. AND 0.6 MGM. PER KGM. OF THE CRUDE PREPARA- 
TION A, Corresponding to 108 and 10.8 Meleney-John- 
SON Units per kgm. 

The blood levels are expressed in micrograms to per- 
mit comparison with the penicillin curve; the activity in 
units would be 0.018 times the levels shown in the figure. 


TABLE 1 


Blood levels of bacitracin after its intramuscular 
injection in man 




1 

Time In hours 

Sub- 

ject 

DosaRC 

i 


1 1 

I 2 

4 

6 

8 

24 




Blood levels 


mgm. 1 

units 










per 

per 



umts per ml. X 10"^ 




kgm. 

kgm. 









W. H. 


ISO 


19 

43 

43 

2.0 


<1-5 


F. E. 


6 

19 

25 

33 

1.7 


3.0 

< 

J. M. 

4 

120 


6.6 

19 

23 

7.5 

1.5 

< 


T. B. 

3 

90 

10 

20 

27 

14 

i 

7.2 

2.3 

1.8 


J.P. 

2 

60 

4.5 

12.0 

20 

29 

14 

<1.5 



L. C. 

1.5 

45 

1.8 

3.3 

6 

3.6 

1.8 

<1.5 



J.A. 

4.5 

7.2 

12 

12.0 

3.6 

2.3 



G. H. 

1.1 

20 

3 

3.8 

3.8 

2.5 

< 




D.K. 


IS 

1.8 

3.0 

3.8 

3.3 

l.S 

i 


i 


All except last 2 patients (G. H. and D. K.) injected with 
same lot of material (B-lOO). 


intramuscular injection, and even greater after in- 
travenous injection. The qualitative difference be- 
tween penicillin and bacitracin is apparent on com- 
paring the appropriate curves in Figures 1 and 2. 
In rabbits, one hour after the injection of penicillin 
G and (crude) bacitracin in equal gravimetric dos- 
age, the serum levels of bacitracin were 8 to 20 
times greater than those of penicillin ; and 2 hours 
after the injection, the difference was 20- to 100- 
fold. In man also (Figure 2 and Table I), the 
blood levels 2 hours after the injection of bacitracin 

TABLE II 


The varying periods for which bacitracin and penicillin, 
similarly injected, remained in the 
circulating blood 



Dosage 

Average number of hours 
indicated drug remained 
in serum at minimum 
level of 1 fiS- por ml. 



Penicillin 

Bacitracin* 

Man 

mgm. per kgm. 

3 

2.1 

6.8 

(intramuscular) 

1.5 

1.2 

2.5, 4.6 

Rabbit 

60 

1.5 

9-10 

(intravenous) 

6 

0.9 

5.7 


0.6 

0.25 

1.6 

1 


The penicillin blood levels in man are average of 8 sub- 
jects (9). The penicillin levels in rabbit are from single 
animals only. Bacitracin levels are from the experiments 
of Table I and Figures 1 and 2. 

• 1 f/g. per ml. of crude preparations here used =» 0.03 
Meleney-Johnson unit. 
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Fig. 2. The Average Blood Levels Attorded by BACTOAaN ik Man aetek 
ITS Intramuscular Injection at 1.5 mcm. per kgm. and 3 mgm. per kgm. of the 
Crude Preparation B-100, Corresponding to 45 and 90 Melenev-Johnson Units 

PER KGM. 

The blood levels are expressed in micrograms to permit comparison with the peni- 
cillin curve; the activity in units would be 0.030 times the levels shown in the 
figure. 


at c.g., 3 mgm. per kgiH. (90 units per kgm.) , were 
4 times greater than the average observed with 
penicillin G; and the difference became progres- 
sively more pronounced thereafter. 

A more important comparision between the 2 
antibiotics is the length of time for which effective 
bactericidal levels were maintained. The pertinent 
data are summarized in Table II. In 2 subjects 
(J. A. and L. C.), injected intramuscularly witli 
crude bacitracin B-IOO at 1.5 mgm. per kgm. = 
45 units per kgm., a level of 1 fig. = 0.03 unit per 
ml. was maintained for 2.5 and 4.6 hours (Figure 
2). In S subjects similarly injected with penicil- 
lin G, that level was maintained for an average pe- 
riod of 12 hours (S). In subject T. B., injected 
with bacitracin at 3 mgm. per kgm. = 90 units per 
kgm.. the 1-fig. level was maintained for 6.8 hours. 


as compared to an average of 2.1 hours in 8 pa- 
tients receiving the same amount of penicillin G 
(8). In rabbits also, whether injected at 0.6 or 
6 mgm. per kgm., a serum concentration of ac- 
tive material corresponding to 1 /tg. per ml. was 
maintained 6 to 7 times longer witli bacitracin than 
with penicillin. 

Urine excretion of bacitracin. The pliarmaco- 
logic basis for the marked difference in the blood 
levels afforded by penicillin and bacitracin is their 
widely different rate of urinarj- excretion. In 
8 human subjects (Table III and Figure 3), 
the cumulative excretion of bacitracin in 1, 2. 4, 
and 6 hours averaged 17, 5-. 66 and 87 per cent,* 

-In 5 of the rabjeets lilted in Table I, the tctii erirurj- 
excretion after 6 to S hcvr: vr.ric-l Ict-.-.ren 7£ and 119 ;cr 
cent cf the arr.'ur.t ir.-ertel. rcfmirr e<-e".ti'.!.'y c-,-— 
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TABLE in 


The urinary excretion of bacitracin after its intramuscular injection in man 


Subject 

Dosage 

Time in hours 

1 

1 

2 

4 

6 

8 

24 

W. H. 
F.E. 

msm. 

iier 

ksm. 

5 

i 

umts 

per 

kgm. 

150 

2.5 

1 

12.6 ’ 
8.4 

Ciimulalhe p 

25.4 

ercentage of bacitra 

78.2 

51.9 

eiit excreted 

105.7 

78.4 

114.2 

95.4 

J. M. 

4 

120 

24.3 I 

33 

42.6 

(125.8)* 

(155) 

(163.8) 


T.B. 

3 

90 

6.5 

22.3 

50.5 

92.9 

111.4 

118.5 


L. C. 
J.A. 

1.5 

45 

5.4 1 

m 

32.5 

29.8 

68.2 

59 

87.7 

82 

97.3 


G.H. 

D. K. 

1.1 

0.82 

20 

15 

6.8 

4.5 

19.2 

12.5 

29.5 

30.4 

47.8 i 

1 


i 

j 


Range, per cent 

4.5 to 24 

8.4 to 33 i 

25.4 to 50.5 

47.8 to 92.9 

82 to 111 

78.4 to 118.5 


Mean per cent excreted 

8.4 ! 

1 

16.8 ! 

34.4 

66.3 

87 

100 


Average excretion in 3 subjects given 
penicillin G intramuscularly 

60 

72 

1— 

1 

' 86 

1 



Hourly excretion in indi- 
cated period j 

Bacitracin 

16.8 

17.6 

16.0 

10.3 

6.5 


Penicillin 

60.0 

12 

3.0 

4.0 




* Anomalous high results in parentheses not included in calculation of mean excretion. 


The corresponding values for penicillin G have 
been previously reported to be 60, 72, 78, and 86 
per cent (8). In the first hour, penicillin G was 
therefore excreted 3 times faster than bacitra- 
cin (Figure 4) ; after 2 hours, however, when 
most of the penicillin had already appeared in the 
urine, and its rate of excretion in the following 2 
hours had fallen to 3 per cent per hour, the rate of 
urine excretion of bacitracin was still 16 per cent 
per hour, 5 times that of penicillin. The shapes 
of the blood curves mirror the differences in the 
rate of excretion of the 2 antibiotics. 

In rabbits also (Table IV, and Figures 3 and 
4) from 7.5 to 26 per cent (averaging 17 per cent) 
had appeared in tire urine in the first hour, as com- 
pared with 58 per cent for penicillin G (3) ; but 
after 2 Irours, bacitracin was being excreted at an 

plete excretion. In 1 subject (J. M.), however, the 
cumulative total of 164 per cent exceeded the experi- 
mental error of the method of assay. An even greater 
anomalous excretion was observed in patient J. P. In both 
cases, the anomalous result was due to an abnormally high 
CLxeretion during the 2- to 4-hour period, as yet unex- 
plained. 


hourly rate of 14 per cent, or 1.7 times greater 
than penicillin similarly injected. Beyond that 
time period, only insignificant amounts of penicillin 
were recovered in the urine, while bacitracin was 
still being excreted in appreciable quantity. 

The renal clearance of bacitracin. Nine ex- 
periments to determine the renal clearance of baci- 
tracin in man are summarized in Table V, and one 
experiment is graphically summarized in Figure 
5. The results varied considerably from subject to 
subject, and even in successive time periods in the 
same subject. To some extent, the latter variation 
may have reflected incomplete voiding, since only 
2 of the patients were catheterized. The average 
clearances in the 9 subjects varied between 105 
and 283 ml. per minute, averaging 159. The cor- 
responding average values for penicillins F, G, 
and X in man have been found to be 725, 560, and 
710 ml. per minute (2). The renal clearance of 
bacitracin in man is therefore approximately H *0 
Yc that of penicillin, explaining the more prolonged 
blood levels and the more sustained but initially 
lower rate of urinary excretion of the former. 
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The ratio of the bacitracin clearance to the total 
renal plasma flow (calculated) in these 8 subjects, 
given in column 5 of Table V, varied between 0.15 
and 0.39, averaging 0.23. 

The ratio of the bacitracin clearance to the (cal- 
culated) glomerular filtration rate, given in Col- 
umn 6 of Table V, varied behveen 0.8 and 2.04, 
averaging 1.23. As is indicated in the foregoing - 
section, a significant error in clearance was intro- 
duced in 7 of the 9 subjects by the fact tliat the 
urine specimens were probably inaccurately voided. 
Particularly in these patients, the ratio of the renal 
clearance of bacitracin to the glomerular filtration 
rate simultaneously determined by the clearance of 
thiosulfate (9) was of greater significance than the 


absolute values of either, since an error in urine 
collection would not affect the ratio of the 2 clear- 
ances. This ratio of bacitracin clearance to thio- 
sulfate clearance varied between 0.52 and 1.83, 
averaging 1.1. 

Eight experiments to determine the renal clear- 
ance of bacitracin in rabbits are summarized in 
Table VI, and one experiment is shown in Figure 
6. In these 8 rabbits the renal clearance of bacitra- 
cin varied between 2.0 and 7.1 ml. per minute, 
averaging 4.1. This is less than the glomerular fil- 
tration rate in the rabbit (10), and is to be com- 
pared with an average renal clearance in that spe- 
cies for penicillins F, G, and X of 34, 61, and' 36 
ml. per minute, with a range of 18 to 100 (2) . The 
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latter values approximate the total renal plasma 
flow. 

discussion 

It is evident from the fo«gotog data ^ 
antibiotic substances present m culture 
table V 

Renal clearance of b acitracin in 


rly rate of 
etion after! 
imuscular 


Calc'd 
Average ^-gnal , 
clearance pi^sma 

bacitracin I 



mgm. 

per 

kgm. 

H.W 

5 

F. E. 

5 

T. B. 

3 

J- P- 

2 

i. C. 

1.5 

J. A. 

1.5 

g.h. 

1.1 

D.K. 

0.82 


ml. per 
min. 


115 

105 

219 

170 

283 

104 

139 

141- 


Ratio I 
bacitracin I 
clearance 
to total 
plasma 
flow* 


705 


As calcu- 
lated 
from 
surface 
area 


I 

1 mental] 

det'd wi 

I sodiur 
thiosulf 


Mean values! 159 


0.16. 

0.16 

0.31 

0.24 

0.39 

1 0.15 

3 0.23 

2 0.19 

0.87 

0.8 

1.65 

1.44 

2.04 

0.82 

1.2 

1.0 

T 0.23 

1.23 


0.92 

0.52 

1 . 0 ^ 

0.9: 

1.8 

0.7 

1.6 

1.2 


1.1 


t Calculated from surface area. 
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certain strains of B. subtilis (bacitracin) remain in 
the circulating blood for significantly longer pe- 
riods and at higher levels than does penicillin sim- 
ilarly injected. This reflects the fact that the renal 
clearance of bacitracin was of the same order of 


magnitude as the glomerular filtration rate, as 
compared to a renal clearance for penicillins F, G, 
and X, approximating the total renal plasma flow. 

The mechanism whereby bacitracin is excreted 
by the kidney is not clear from the present data. 


RENAL CLEARANCE OF BACITRACIN 
PATIENT TB. 

5 M6./KG., INTRAMUSCULAR 



TIME IN HOURb 


Fig. 5. Illustrating the Low Renal Clearances of Bactte-'.cin in Man 

Subject T. B. wss injected with PrcpnjRticn B-IW 2 t 3 mrtn. per Lpm. = 9j 
Meleney-Joluison units per kEtn. 
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TABLE Vr 


Tlic renal clearance of bacitracin in rabbits 


Dos- 

age 

Rab- 

bit 

no. 

Route of 
injection 

Time of 
urine 
collection 

Urine 

baci- 

tracin 

Aver- 

age 

blood 

level 

Renal 

clear- 

ance 

Aver- 

age 

mgm. 

per 

kgm. 

0.6 

5883 

Intra- 

venous 

0 to 1 hrs. 

1 to 2 

2to4 

mgm. 

per 

min.* 

8.6 

3.5 

0.98 

mgm. 

per 

ml.* 

1.7 

1.08 
0.5 

ml. 

per 

min. 

5.0 
3.2 

2.0 

3.4 

5897 

Intra- 

muscular 

0 to 1 Urs. 

1 to2 

2to4 

5.8 

5.8 

2.15 

1.1 

0.9 

0.57 

5.3 

6.4 
3.8 

5.2 

6064 

Intra- 

muscular 

0 to 33 mins. 
33 to 68 

68 to 130 

4.1 

6.3 

4.1 

1.5 ± 
1.5 
1.22 

2.7 

4.2 

3.6 

3.5 

6.0 

5931 

Intra- 

venous 

0 to 69 mins. 
69 to 129 

129 to 250 

250 to 490 

72 

65 

18 

4.8 

20 

8 

3 

0.52 

3.6 

8.1 

6.0 

3.5 

7.1 

5825 

Intra- 

venous 

0 to 1 hrs. 
lto2 

2 to 3 

3 to 4 

37.9 

27 

26.7 

19 

30 

IS 

8.1 

5.1 

1.3 

1.8 

3.3 
3.7 

2.0 

S912 

Intra- 

muscular 

0 to 74 mins. 
74 to 131 

131 to 253 

253 to 495 

IS 

31.5 

28.7 

4,0 

8 dr 

9.6 

8.4 

1.5 

2± 

3.3 

3.4 
2.7 

2.9 

5973 

Intra- 

muscular 

0 to 31 mins. 
31 to 65 

65 to 130 

12.8 

36.2 

16.5 

5 

7.4 

7.6 

2.5 

4.9 

2.2 

3.2 

6038 

Intra- 

muscular 

6 to 21 mins. 
21 to 65 

65 to 130 

130 to 243 

243 to 360 

360 to 474 

474 to 24 hrs. 

31.9 

87.3 

78.3 
31.2 
21.S 

8.0 

0.4 

7.6 

16.5 

12.5 

9.0 

4.0 
1.22 

7 

4.2 

5.3 

6.3 

3.5 

5.4 

6.6 
? 

5.2 


* The lot A injected contained 18 units per mgm. To 
translate these data to units, figures in these columns 
should be multiplied by 0.018. 


It is possible that bacitracin is excreted only by 
glomerular filtration, and that the large differences 
obtained in the ratio of bacitracin clearance: thio- 
sulfate clearance, which varied from 0.5 to 1.8, 
averaging 1, were due to technical factors in the 
collection of urine and in the assay of activity 
(page 919). It is, however, also possible that 
there is a certain amount of tubular secretion, and 
that nephrotoxic products known to be present in 
the crude bacitracin here used (11) exerted a 
variable inhibitory effect on the renal excretion. 
The degree to which bacitracin is bound by serum 
protein is now under study. 

In any event, it is evident that the active material 
in the crude preparations of bacitracin here used 
was cleared by the kidney at a rate approximating 
that of glomerular filtration, while penicillin is 
cleared at a rate approximating the total renal 
plasma flow. 


Against the C-203 strain of streptococcus here 
used, the most potent preparation of bacitracin so 
far available (PB-1) was gravimetrically only ^2 
as active as penicillin G in vitro. Unless the active 
material in this preparation constituted only a 
small fraction of its solid content, even the 
more favorable pharmacologic properties of bac- 
tracin might not counterbalance its relatively 
low bactericidal activity against this particular 
strain. However, for organisms against which 
bacitracin has an activity in vitro comparable with 
that of penicillin, its slower excretion and more 
sustained blood levels might permit cure to be 
effected with smaller doses, or with injections ad- 
ministered at less frequent intervals, than is the 
case with penicillin. 

SUMMARY 

1. Three different lots of “bacitracin," antibiotic 
concentrates derived from culture filtrates of B. 
subtilis (Tracy), have been studied with respect to 
blood levels, urinary excretion, and renal clear- 
ance in rabbits and man. 

2. The serum concentration after the intravenous 
or intramuscular injection of bacitracin varied 
linearly with dosage over a wide range. These 
serum concentrations fell off far more slowly, and 
were consistently higher, than was the case with 
penicillin G, similarly administered. 

Two to 4 hours after injection, the serum levels 
of bacitracin were 10 to 50 times higher than those 
of penicillin similarly injected ; and concentrations 
in excess of a given level were maintained 4 to 8 
times longer. 

3. Corresponding to the sustained blood levels, 
the rate of urine excretion of bacitracin remained at 
a fairly constant level for a period of 2 to 4 hours 
after its intramuscular injection. 

(a) In man, the cumulative urinary excretion 
of bacitracin, 1, 2, 4, and 6 hours after its intra- 
muscular injection, averaged 17, 36, 66, and 87 per 
cent of the amount injected. The hourly excretion 
in the first hour was one-third that of penicillin G; 
but after 2 hours, bacitracin was being excreted at 
a rate 5 times that of penicillin G. 

(&) In rabbits, the cumulative totals of baci- 
tracin excreted in 1, 2, and 4 hours averaged 17, 
34, and 62 per cent of the amount injected. Ini- 
tially, bacitracin was excreted at less than % the 
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BACITRACIN (6 MG./KG.) PENICILLIN (0.6 MG./KGJ 


INTRAVENOUS INTRAVENOUS 

RABBIT 5931 RABBIT 5428 



012 4 6 8 0123 


TIME IN HOURS TIME IN HOURS 

Fig. 6. Illustrating the Low Renal Cle.^rance or Bacitracin in Rabbits, 

Compared to that or Penicillin 

The dosages and corrections are expressed in the figure as mgm. per hgm. in 
order to permit comparison with penicillin. To obtain the serum concentrations 
and urine excretions in units, the roicrogram Talucs should be multiplied bj’ 

0.018. 

rate of penicillin ; but after 2 hours, the rate of ex- (a) The renal clearance of bacitracin in 9 

cretion was 1.7 times that of penicillin G. human subjects varied between 105 and 2S3 ml. 

4. The prolonged blood levels of bacitracin as per minute, averaging 159. 
compared with penicillin G, and its slower urinarv* (b) In S rabbits, the renal clearance of bad- 

cxcrction, arc explained by its low renal clearance, tracin varied from 2 to 7 ml. per mhnutc, averaging 
which approximated the glomemlar filtration rate. 4,1. 
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(c) In both man and rabbits, the renal clear- 
ance of penicillins F, G, and X for rabbits has pre- 
viously been shown to approximate the total renal 
plasma flow. 
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The fractionation of human plasma into its com- 
ponent proteins ( 1 ) has made possible the prepara- 
tion of several new plastic materials (2, 3). These 
materials, fibrin film and fibrinogen plastic, are 
formed from native homologous proteins and have 
found application in surgery because of their favor- 
able mechanical properties and their faculty of be- 
ing absorbed in the body with almost no irritative 
reaction. The rate of absorption and the persist- 
ence time, however, depend on the modifying treat- 
ment to which they have been exposed. In its ap- 
plication as a dural substitute (4) , thus far its most 
extensive clinical use, heat-sterilized fibrin film 
persists for periods of several months. Obser%'a- 
tions on unheated fibrin film, on the other hand, 
have shown much more rapid absorption. For 
certain uses, such as in peripheral nerve suture (5) 
or in tendon repair, neither of these extremes 
, seemed desirable; the heat-sterilized film evoked 
too great tissue reaction, while the untreated film 
disappeared too rapidly to be effective. 

The present study was undertaken to obtain ex- 
act information on the rate of absorption of fibrin 
films which had been exposed to vaiy-ing degrees of 
heat treatment and to find, if possible, conditions 
which would allow fixing the persistence time to 
meet a given surgical need. Some quantitative 
measurements on the extent of gross tissue reaction 
to the implant are also reported. Obsen’ation on 
the histological sequence involved in the absorption 

' This work has been carried out under contract, rec- 
ommended by tlie Committee on Medical Research, be- 
tween the Ofnee of Scientific Research and Development 
and Harvard University. 

* This paper is Number 5S in the series "Studies on the 
Plasma Proteins" from the Harvard Medical School, 
Boston, Massachusetts, on products developed by the 
Department of Physical Cliemistry from blood collected 
by the American Red Cross. 


of heat-sterilized films (6) and plastics ® have al- 
ready been made by Bailey, and a preliminary re- 
port of some of these findings has alreadj' been 
presented (7). Although primarily concerned 
with the absorption of fibrin films, some observa- 
tions on the absorption of implanted fibrinogen 
plastic, and the tissue responses to its presence, are 
also reported. 

Measurements were also made to determine the 
resistance of variously heated fibrin films to tryptic 
digestion. Proteoljlic digestion has preHously 
been used (8, 9) as a measure of the absorbability 
.of surgical gut. Although the 2 processes are 
qualitatively similar, important quantitative differ- 
ences may obtain. The absorption of fibrin film 
in ctVo is compared to its tiyptic digestion in zn'lro. 

MATERIALS AND METHODS 

Fibrin film was prepared from human fibrinogen and 
thrombin (10). Some films were made aseptically from 
solutions which had been previously sterilized by filtra- 
tion; in others, unsterile materials were used and the 
films were subsequently sterilized by heat treatment Fi- 
brinogen plastic containing 67 per cent of glycerol as 
plasticizer was prepared by heating at 100° C. under pres- 
sure for 15 minutes. The types of material used, ac- 
cording to thickness and extent of heat treatment, were 
as follows : 

A. .Aseptically prepared fibrin films of 4, 7, and 11 mgm. 
fibrin per sq. cm. 

1. Unmodified- 

2. Heated in gh-ccrol at 100" C for periods of 
1, 3, and 10 minutes. 

B. Heat-sterilized fibrin films ‘ of 17 mgm. fibrin per 
sq. cm. 

* Bailey, Ford, and Hawn. A repent to the P.'octor 
Fund. Harvard University, September 1, 1512. This 
study of the histological rerponse to a series cf fimplanted 
fibrinogen plastics was l^egun early in 1941. 

4 film v»"2ls f\rs* in l-'.ls 11*'* 

it v>*as {crjr.i to ittrilir; it dirrtrt 
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1. Autoclaved under glycerol for IS minutes at 
120” C. 

2. Heated in glycerol for 1 minute at 155° C. 

C. Fibrinogen plastic of 13 mgm. dry weight per sq. 
cm., sterilized by autoclaving under glycerol for 15 
minutes at 120° C. 

Squares (1 cm. by 1 cm.) of these materials were im- 
planted in rabbits botli subdermally over the fcmoro- 
coccygeal muscle and intermuscularly between that 
muscle and the adductor group. The implants were made 
in normal and burned ® tissues ; however, results proved 

exposure to steam (3, 11) and material for clinical use is 
now prepared in this manner. In use as a dural substi- 
tute the persistence time and tissue reaction to the 2 
types are similar (4). 

® In one series implants were introduced into areas 
which had been injured by burning in order to clarify the 
observation that fibrin films used therapeutically on burns 
often disintegrated much more rapidly than in other 
situations. Note reference (12). 

Absorption of Asepticall^ Prepared Fibrin Film 



Days in Vivo 


Fig. 1. The Absorption of Unheated and Moderately 
Heated Fibrin Films 

The symbols represent different initial film weights. 
Open symbols indicate subdennal implantation ; closed 
symbols, intermuscular. 


Absorption of Heat Sterilised Rims &* Plastics 



o EO 40 GO 

Days In Vivo 


Fig. 2. The Absorption of Heat-Sterilized Films 
and Plastics 

Open circles, subderma! implantation ,* dosed circles, 
intermuscular. Squares indicate implantation in burned 
tissues. 

identical in both cases. Furthermore, it was observed 
that absorption proceeded similarly irrespective of whether 
implantation was subdermal or intermuscular. Conse- 
quently, the observations on these 2 situations are not 
treated separately, but have been combined in the dis- 
cussion of results. 

The implants were anchored at each comer with a 
loop of silk thread. They were removed at intervals and 
the residual fibrin was determined gravimetrically by 
soaking in distilled water, drying at 110° C., and weigh- 
ing to 0.1 to 0.2 mgm. There was a variability of 0.2 to 
0.5 mgm. in the initial weight of individual pieces and the 
initial weight was taken as the average of a scries of 6 
squares. In the late stages of absorption the difficulty in 
locating and removing the remaining fragments of fibrin 
introduced an additional error. 

In measuring tryptic digestion a 1 per cent solution of a 
commercial trypsin in phosphate buffer of pH 7.0 and 
ionic strength of 0.15 was clarified by centrifugation and 
filtration. It was allowed to act at 38° C. for various 
lengths of time, and the residual fibrin was determined as 
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above. This trypsin (Cenco) required twice as long as 
standard tcj-psin (U.S.P.) to digest heat-sterilized fibrin 
film. Measurements of tensile strength were made using 
a simple spring balance. Pieces of film 1 by 6 cm. and of 
a single weight, 16 mgm. per cm-., were used in these 
experiments. 

RESULTS 

The experimental results are summarized in 
Figures 1 and 2 and show the progressive absorp- 
tion of the fibrin following implantation. The un- 
modified films are absorbed most rapidly and the 
heat-sterilized films most slowly; the moderately 
heated films lie between these extremes. In pre- 
senting the data on unmodified and moderately 
heated films the course of absorption has been 
represented by a straight line whose slope gives 
the absorption rate and whose intercept is the per- 
sistence time. This follows the convention of 
Jenkins and Hrdina (13) in their studies on the 
absorption of surgical gut. It should be noted, 
however, that histological examination has re- 
vealed small fragments of fibrin after considerably 
longer periods than the persistence time as indi- 
cated by this method (5). The course of absorp- 


tion of the heat-sterilized materials cannot be repre- 
sented by a straight line since the absorption rate 
clearly falls ofif with time. 

Unmodified film. Complete absorption of all the 
unmodified films (4, 7, and II mgm. per cm.^) 
occurs in less than 9 days (Figure lA) . The ab- 
sorption rates vary from 0.85 to 1.45 mgm. per day 
with increasing thickness of film. Even at the 
earliest time of examination (5 days) the film w'as 
very weak and could not be removed in a single 
piece. 

Heat-sterilised film. The absorption curves 
shown by fibrin film heated for 15 minutes at 120° 
C. and for 1 minute at 155° C. (Figures 2A and B) 
are very similar. They have initial slopes (or ab- 
sorption rates) of 0.24 to 0.35 mgm. per day but 
level off to 0.12 to 0.14 mgm. per day after 40 days 
in the animal. In the single animal examined after 
a longer period (81 days) considerable amounts 
of film still remained. In contrast to unmodified 
film, heat-sterilized film retained more of its 
tensile strength and could usually be removed in a 
single piece. 


Effect of Heat Treatment on the Absorption of Fibrin Film 



Fig. 3. The ErrrcT or Heat Teeatjiext ox tue Aeeozttiox cr 
Fiekix Fiem 

Ordinate, rate of absorption in tr.gm. of fibrin per day (i>., the siopes cf 
the curves in Figures ! and 2) ; abscissa, degree cf heat treat.'r.er.t. In t.he 
strongly heated materials whose absorption rate changed with time the 
range of talues has been shown by the height c: the sjenba!. 
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Moderately heated film. The course of absorp- 
tion of films subjected to moderate heat treatment 
(Figures IB and 1C) was intermediate to those 
of the unmodified and the heat-sterilized films. 
Although persisting for longer times, films heated 
at 100° C. for 1, or 3 minutes resembled the 
unheated films in their fragmentation and rapid 
loss of tensile strength. On the other hand, those 
heated for 10 minutes behaved more like the heat- 
sterilized films and retained their original form 
during most of the absorption period. The effect 
of heat treatment on tlie absorption rates of these 
films has been summarized in Figure 3 and it may 
be seen that the 3- and 10-minute films have quite 
comparable absorption rates, roughly % that of the 
unmodified film, despite tins marked difference in 
mechanical properties. 

Tissue reaction to the implant. In the unmodi- 
fied and moderately heated films, with their shorter 
persistence times, gross encapsulation by fibrous 
connective tissue could not be detected. In con- 
trast, the absorption of heat-sterilized films, with 
their extended persistence times, always was ac- 
companied by the development of a firm fibrous 
capsule. Although undoubtedly preceded by a 
a histological sequence of events (5, 6), this cap- 


sule was grossly evident as a well-organized struc- 
ture only after 10 days following implantation. It 
was observed to increase in thiclcness during the 
following 20 days. The capsule was easily sepa- 
rated from the surrounding loose connective tissue 
and completely enveloped the film. The film, in 
turn, lay free within the capsule and could usually 
be removed in a single piece. Internally the cap- 
sule was characterized by a shiny smooth surface 
having the appearance of a serous lining. Since 
it could be so easily separated from the surround- 
ing tissue and the enclosed film, quantitive esti- 
mates of the response of tlie host to the foreign 
body could be obtained. The dry weight of the 
capsule was measured in a manner similar to that 
used for the film. 

Figure 4 pictures the progressive growth of the 
capsule. The curve is characterized by a rapid in- 
crease during the 10- to 25-day period followed by 
a leveling off at about 10 mgm. during the succeed- 
ing 30 days. This value may be more fully appre- 
ciated when it is compared to the dry weight of 
the connective tissue sheet normally occurring at 
the implantation site which is of the order of 1 
mgm. per cm-. A single pair of measurements 
after 81 days suggests that there is a reduction in 
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Fig. 4. The Encapsulation of Implanted Heat-Sterilized Fibrin Film as a 

Function of Time 

Points represent the dry weight of the capsule surrounding a 1 cm, by 1 cm. piece 
of film. The descending curve which shows the falling off in the rate of absorption 
with time derives from the slopes of the average curves in Figure 2. 
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Elapsed Time in Minutes 

Fig. 5. The Course of Tryptic Digestion in Variously Heated Febbin Films 
Symbols represent different heat treatments as indicated. Temperature, 38° C. ; 
pH, 6.9; ionic strength, O.IS; fibrin film, 12 mgm. per sq. cm., plasticizer not removed 
before heating. 


size of the capsule as absorption of the fibrin nears 
completion. In these 2 instances the weights were 
2.6 and 6.4 mgm. or about 34 the average value 
between 30 and SO days. 

Fibrinogen plastic. The course of absorption of 
heat-sterilized fibrinogen plastic is entirely com- 
parable to that of heat-sterilized fibrin film. This 
is shown in Figure 2C where the progressive fall- 
ing off of the absorption rate is clearly seen. The 
plastic also became surrounded by a thick fibrous 
capsule with a dry weight of about 10 mgm., but 
it retained less strengtli than the film, particularly 
in the latter stages of absorption where it frag- 
mented badly. After 81 da3’S onl}* traces of the 
plastic could be detected. 

Tryptic digestion oj fibrin film. Results on the 
digestion by tiy-psin of v’ariousl)' heated fibrin films 
arc summarized in Figure 5. The data are well 
represented by straight lines with the exception of 
the film heated for 1 minute at 100° C. Yvhich dis- 
appears more rapidly during the first few minutes. 
Under these conditions tlie unmodified film shows 
a half digestion time of 16 to IS minutes. A very 
brief exposure to heat (10 sec. at 100° C.) in- 
creases this half time 3-fold, to 54 minutes. In- 
tense heat treatment, sufficient for sterilization, ex- 
tends the half digestion time only by another fac- 
tor of 3, to 100 minutes. 


During digestion the breaking strength of the 
film progressively decreases. As is shown in 
Figure 6 this loss in strength is in general pro- 
portional to the loss in fibrin. This is in contrast 
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to observations on the loss of tensile strength in 
vivo. The considerable scatter of the points re- 
flects the dependence of this measurement on flaws 
in the film. The percentage of fibrin in the wet 
film becomes lower during digestion ; thus the wet 
weight is reduced more slowly than the dry weight. 
This emphasizes the importance of using the latter 
as the measure of the proteolysis. 

DISCUSSION 

The wide range of absorption rates shown by the 
various types of film is seen in Figure 3. The ef- 
fect of heating is to increase progressively the re- 
sistance of the film. However, at 100° C., the 
larger portion of this effect is obtained within the 
first minute and further heating, even for 10 times 
this period, makes the film only slightly more re- 
sistant. However, this additional treatment does 
increase the strength of the residual film. At the 
higher temperature of 120° C. the absorption rate 
is reduced to % that of the unmodified film. 

Upon comparing films of different initial weight 
though of similar treatment (see Figure 1), one 
observes that the greater the thickness the greater 
the absorption rate. Indeed, tlie absorption rate in 
mgin. per day is roughly proportional to the initial 
weight. However, this means that the persistence 
time and the absorption rate in per cent per day 
should be nearly independent of the initial weight. 
Reference to Figure 1 shows the former to be true 
since, with a 3'fold difference in initial weights, 
the persistence times vary by a factor of only 1.2 
to 1.3. This proportionality between the initial 
weight and the absorption rate suggests that pro- 
teolysis is occurring throughout the film rather 
tlian only at the surface. In the latter situation we 
would have expected different weights of film to 
show proportional persistence times and the same 
absorption rate in mgm. per day. 

In this study only one thickness of heat-steri- 
lized film was used so that similar deductions can- 
not be made regarding this material. However, 
in film sterilized by direct exposure to steam (11), 
tryptic digestion is more rapid in the thinner 
pieces. This would indicate that the enzyme is act- 
ing at the surface and that in this material the 
heat-imparted resistance could be accounted for, 
at least in part, by exclusion of the enzyme from 
the film interior. 


In heat-sterilized film the absorption rate falls 
off steadily with time and the range of the chang- 
ing values has been represented in Figure 3 by a 
vertical line. In Figure 4 this decrease in the rate 
of absorption is compared to the increasing en- 
capsulation and it may be seen that there is a 
fairly good inverse correspondence between these 
2 variables. This would suggest that this pro- 
gressive decrease in the rate of absorption as these 
films remain in the body may be due merely to the 
formation of the fibrous capsule and not to any 
characteristic of the absorptive process. 

The absorption of a protein structure in the body 
and its digestion in vitro both represent enzymatic 
proteolysis, and the 2 processes are therefore 
qualitatively similar. However, such enzymes 
may be quite specific and are very sensitive to the 
conditions under which they act (14). Extrapola- 
tion from an enzyme in one situation to a differ- 
ent enzyme in another situation should be made 
cautiously. In studies of the peptic digestion of 
collagen sutures Jenkins and Hrdina (9, 13) found, 
in general, a satisfactory correlation between the 
loss of strength in vitro and in vivo, but they noted 
that discrepancies sometimes occurred in which a 
suture, satisfactory by in vitro standards, disap- 
peared too rapidly in the body. 


TABLE I 


Treatment 

Time for half proteolysis 

In vitro 

In vivo 

min. 

heated 

days , 

heated 

unheated 

unhealed 

Unmodified 

19 


3.5 


10 sec. at 100° C. 

54 

2.9 



1 rain, at 100° C. 

84 

4.4 

4.6 

1.32 

10 min. at 100° C. 

1 


5.8 

1.65 

15 min. at 120° C. 

156 

8.2 

48 

13.7 

1 min. at 155° C. 



38 

10.8 


A comparison of the effect of heat treatment on 
the digestion of fibrin film in vivo and in vitro re- 
veals a similar picture; heat treatment increases 
the persistence in both situations but the quantita- 
tive relations are quite different. The half per- 
sistence times as measured by the 2 methods are 
summarized in Table 1, and it is seen that slight 
and moderate heat treatment prolongs the tryptic 
digestion time much more than the persistence in 
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the body. On the other hand, in the heat-sterilized 
films the change is of the same order of magnitude. 

The changes in the physical and chemical prop- 
erties of fibrin film which accompany heat treat- 
ment have been carefully studied (11). The 
heated film has a higher water-equilibrated fibrin 
content, a lower opacity, a higher tensile strength, 
a lower swelling index in acid and alkali and a 
lower permeability. All of these physical changes 
may be attributed to the formation of additional 
permanent cross links in the fibrin net\vork to 
yield a denser, more rigid structure. The de- 
creased permeability which results may be of par- 
ticular importance in increasing the resistance of 
the heated film to proteolytic enzymes both in vitro 
and in vivo. Thus, although the heat-sterilized 
film is completely impermeable to hemoglobin, for 
example, this protein passes freely through the un- 
modified film. If the action of the enzyme were 
thus restricted to the outer surface of the film, it 
would result in a much slower rate of proteolysis. 
Of course, the increased cross linking per se may 
also increase the resistance to enzymes. The chem- 
ical changes induced by the heat treatment, which 
are most strikingly shown in the change in 
affinity for acid and basic dyes, are undoubtedly 
associated with the physical changes and may be 
also involved in the increased persistence, 

SUMMARY 

The course of absorption of variously heated 
fibrin films, after implantation in rabbits, has been 
studied. A quantitative measure of absorption was 
obtained by measuring the actual weight of resi- 
dual fibrin after different lengths of implantation. 
A measure of the tissue reaction to the implant 
was obtained by measuring similarly tlie weight of 
the surrounding fibrous capsule. 

Persistence times ranged from less than 5 days 
for unmodified fibrin film to more than SO days for 
heat-sterilized films. Intermediate persistence 
times were obtained by milder heat treatment. A 
hea\w encapsulation of heat sterilized film occurred 
between 10 and 30 days following implantation. 

The resistance of these \-ariously heated films to 
tryptic digestion was measured and lire responses 
tjj vivo and in vitro compared. The effect of heat 
treatment showed qualitative similarity but impor- 
tant quantitative differences were noted. 
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Oinical opinion of the value of inhalational oxy- 
gen therapy in “lung irritant” casualties in the 
first World War was uniformly high (1 to 4). 
The use of oxygen in subsequent accidental poi- 
sonings has confirmed that evaluation (5 to 12) 
and led to extension of the original views to pure 
phosgene poisoning. The relief usually afforded 
the patient appears to have been impressive. Ob- 
jective improvement consisted of disappearance of 
the cyanosis and clearing of the sensorium; the 
tachycardia was sometimes relieved, but the dysp- 
nea generally was not (2), Therapy with 100 per 
cent oxygen has been reported to reduce cough 
and relieve the sensation of a constricted chest 
(8, 9). For these reasons, oxygen therapy is the 
chief measure prescribed for phosgene poisoning 
in official manuals and treatises on this subject. 
Further substantiation is necessary for other 
claimed benefits of oxygen therapy, such as in- 
hibiting the development of severe edema, shorten- 
ing the duration of illness, and diminishing dilata- 
tion of the right side of the heart (1, 8, 13, 14). 

Wliile it is generally agreed that oxygen therapy 
is clinically indicated in this type of pulmonary 
edema, no data have been found which permit 
statistical confirmation of the ultimate benefits of 
such therapy. A close examination of the litera- 
ture brought out the following; (a) The clinical 
prognosis must have been the basis for claims of 
its life-saving value, but experience with poisoned 
animals has shown the fallibility of prognosis. 
(b) The average mortality attributable to phos- 
gene in the A. E. F. of World War I was very low, 
less than 2.5 per cent of gas casualties (15). This 
low mortality rate automatically emphasized symp- 
tomatic relief rather than survival as the criterion 

^ The work described in this paper was done under a 
contract recommended by the Committee on Medical Re- 
search, between the Office of Scientific Research and De- 
velopment and the University of Pennsylrania. 


of value, (c) At the time when the original ob- 
servations were made, oxygen was administered by 
methods the best of which (Haldane’s reservoir 
mask) provided concentrations of less than 60 
per cent; the nasal catheter and funnel-over-the- 
face techniques were commonly used and the regi- 
men varied from a few breaths at intervals to con- 
tinuous vise for symptomatic relief of cyanosis (1 
to 3). (d) The true value of oxygen therapy in 
phosgene casualties is difficult to assess because it 
was but one of several drugs or procedures em- 
ployed. (e) In accidental poisonings, deaths have 
been recorded despite apparently effective methods 
of oxygen administration (10, 11). 

The previously reported data on oxygen therapy 
of experimentally poisoned animals contradict the 
clinical evaluation. Underhill (16) found that 
survival of poisoned dogs was not significantly im- 
proved by residence in 50 per cent oxygen for the 
first 72 hours after gassing, although symptomati- 
cally the dogs seemed better and the arterial and 
venous oxygen saturations were temporarily 
raised. Meek and Eyster (17) noted that the ma- 
jority of an unspecified number of dogs lived 48 to 
72 hours in 40 to 60 per cent oxygen, instead of 
the average of 16 hours in air. Dumoulin and 
CTiarlier (18) reported that 50 per cent oxygen 
did not increase the survival of phosgene-poisoned 
rats, while continuous stay in 90 per cent oxygen 
resulted in a still higher ultimate mortality. 
Soulie (19) confirmed these results and empha- 
sized the similarity of survival rates during the 
first 24 hours of treatment, during which oxygen 
poisoning is unlikely. 

Additional information was therefore necessary 
as to whether oxygen therapy improved the sur- 
vival rate in phosgene poisoning and, if so, what 
were the optimum conditions of administration. 
Because omission of therapy in accidental poison- 
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ing might lead to loss of life, the problem was nec- 
essarily studied in animals, although it was rec- 
ognized that the pathologic physiology and resist- 
ance to anoxia in the dog and rat might differ from 
that of man. The main experiments were pat- 
terned after Underhill’s (16), using an L(CT) 
60 to 80 of phosgene. This mortality was chosen 
as being most favorable for demonstrating a bene- 
ficial effect from oxygen therapy. Additional ex- 
periments with low oxygen tensions were carried 
out to test the possibility discussed by Drinker 
(20) that anoxia might contribute to the develop- 
ment of pulmonary edema, or further it in the 
sense of a vicious circle. 

MATERIALS AND METHODS 

The dogs were healthy adult mongrels, weighing 6 to 
12 kgm., used after an isolation period had shown them 
to be free of respiratory infection. The rats were young 
adults, obtained directly from the Wistar Institute. The 
dogs in fours or sixes were exposed to a mixture of air 
and pure phosgene in a 850-Hter gassing chamber, oper- 
ated dynamically at a flow of 800 liters per minute. The 
mean concentration of phosgene and standard deviation 
were 0.275 + 0.0045 mgm. per liter by analysis, and the 
duration of exposure was 30 minutes. The rats were 
similarly gassed in groups of 20 or 40, but for the 
shorter time required to give the desired mortality. Se- 
lection of gassed animals for oxygen therapy was by 
lottery. 

O.xygen therapy was administered to the dogs bj- keep- 
ing them in a dosed chamber of 964 liters capacity, the 
atmosphere of which circulated at the rate of 935 liters 
per minute. During cirailation the atmosphere passed 
over a cooling radiator at 0° C., and trays of soda-lime and 
CaO, in that order. By frequent sampling or automatic 
regulation the atmosphere was controlled to the following 
levels : (a) Humiditj- was less than 40 per cent, average 32 
to 34 per cent. (6) COs was less than 0.5 per cent, average 
about 0.2 per cent by Haldane analj’zer. (c) Tempera- 
ture was room temperature + 5° F. (d) The oxygen 
concentration, determined by the Scholander-Roughton 
method or the Pauling meter, was put up by flushing the 
chamber with oxygen to the desired level, which then 
was maintained by a Pitot tj-pc injector system. Inflow 
of oxj-gen or oxygen-air was in large excess of the re- 
quirements of the animals. Three concentrations of oxy- 
gen were employed, 95 per cent, 80 per cent, and 40 per 
cent- 

Six or 8 gassed dogs, depending on sire, were placed 
in the clumber and kept there until death, or for 72 
hours. Oxygen therapy was not begun until all the ani- 
mals of an experiment lud been gassed and hence with 

- A large series of phosgene-poisoned dogs treated with 
60 per cent oxygen was studied by another group elsewhere 
and will be reported separately. 


different animals there was an interval of 20 minutes to 

hours bettveen the end of gassing and beginning of 
oxygen therapy. At the end of 72 hours in oxygen the 
survivors were brought immediately into room air. By 
means of sleeved ports which permitted access into the 
chamber without loss of oxygen concentration, hemato- 
crit determinations, heart rate, respiratory rate, and 
other clinical observations were made routinely. The 
animals were supplied with water, Purina checkers, and 
a protein digest in water at all time. Dead animals were 
removed from the chamber for immediate autopsy. In 
2 experiments gassed rats were placed in barricaded cages 
in the oxygen chamber with the dogs given 95 per cent 
oxj’gen therapy. 

Experiments on rats in low oxygen mixtures were car- 
ried out using either a 67-liter chamber, or the large 
chamber; both were operated dynamically by means of 
a continuous^ inflow of mixtures of air, nitrogen, and 
carbon dioxide at rates of 2 to 5 liters per minute. The 
rats were placed in these chambers at once after gassing 
and kept there for varying periods. They were unre- 
stricted and had access to food and water. The controls 
remained in similar cages in room air in most experiments, 
but in 2 experiments the factor of air movement over the 
rats was controlled by placing the gassed controls in an- 
other similar chamber and passing air through it. 

Oxygen toxicity control studies 

In view #1 the probability that oxygen poisoning might 
be superimposed on phosgene poisoning when 80 per 
cent and 95 per cent oxygen were used, a series of ex- 
periments was designed to assess the effect of oxygen 
alone. 

Three of 21 normal dogs died after 47 to 48 hours in 
95 per cent oxygen, while 4 more died after 52, 59, 63, 
and 89 hours in this atmosphere. One animal survived 
116 hours and when sacrificed after 1 hour in room air 
showed only slight pulmonary edema and congestion, al- 
though markedly dyspneic. This dog contrasts with an- 
other which died an acute anoxic death upon being re- 
moved from the oxygen chamber after 48 hours. Eleven 
of the 21 dogs were sacrificed at the end of 48 hours in 
oxygen ; these animals showed edema of the larjTi,x, some 
pulmonary congestion, and minimal pulmonary edema ; 
and the lung-to-body weight ratios were slightly bej-ond 
the upper limits of normal. One dog lived indefinitely 
following 48 hours residence in 93 per cent oxygen. 

Eight dogs were confined in £0 per cent oxygen for 72 
hours and none died. Four, sacrificed at the end cf tluit 
period, showed mild pulmonary congestion and slight 
pulmonary edema, and the lung-to-lody weight ratios 
again were at tlie upper limits of normal. The remuiinir.g 
4 dogs sur.'ived without apparent difficulty. 

-Adult rats appeared to thow so-m.e'.vh.at greater !•:«- 
ceptibility to oxygen pcisoning; IS cf 20 rats died after 
36 to 65 hours in 95 per cent oxygen : 1 died cn removal 
from the chuimber and only 1 rurvived 72 h'-urs re'i lence. 

These data emphasise the hirh d-rree ef indisi-fual 
susceptibility to 95 p-r cent exvger., and ir- in arr"- 
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ment with the findings of others (19, 21). The general 
physiologic characteristics of oxygen poisoning noted in 
recent reviews by Bean (22) and Stadie (23) were ob- 
served in these experiments. 

The lungs of oxygen-poisoned animals resemble liver 
in appearance and consistency, and drip fluid on section; 
the histologic picture resembles that of phosgene poison- 
ing rather closely (24). Inflating such lungs brings out 
the emphysema, and grossly they then resemble phosgene- 
poisoned lungs rather than liver. In most instances the 
degree of lung damage was poorly correlated with clini- 
cal appearance and respiratory distress. 

No control experiments were carried out with 40 per 
cent oxygen, as the series with 80 per cent oxygen, al- 
though small, showed no lethal efiects. This latter series 
also served as a control for conditions of residence in the 
chamber. 

RESULTS 

The survival curves of the 3 series of experi- 
ments on dogs are shown in Figures 1, 2, and 3; 
the number of dogs in the control and experi- 
mental groups are shown in each figure. Atten- 
tion is directed to the deaths occurring shortly 
after removal from the atmospheres of 95 and 80 
per cent oxygen. These animals died with signs 
of acute anoxia in room air, whereas in the oxy- 
gen-enriched atmospheres they had not been cy- 
anotic, despite dyspneic breathing. A detailed 
statistical analysis of the data makes the following 
statements probable: 


U. H. GIBBON, AND M. D. MCCARTHY 

1. According to Fisher’s test for homogeneity 
(25) the 3 control series are comparable one with 
another and form a homogeneous set of data; 
therefore, they may be grouped together. This 
is true regardless of the time at which survival 
numbers are taken, i.e., the percent survivals at 
1, 2, 3, and 10 days are essentially the same in the 
3 control groups. The number of delayed deaths 
in the controls for the 95 per cent series was some- 
what unusual, but this does not alter the statistical 
homogeneity. 

2. Comparison of the 95 per cent oxygen series 
with the grouped controls failed to show a very 
significant increase in survival at 24 hours (P = 
0.057, Fisher’s exact method) but did show a 
significant improvement at 2 days (P = 0.03) and 
3 days (P = 0.02). The ultimate survival, based 
on that of the tenth day, was significantly decreased 
(P = 0.02) by treatment with 95 per cent oxygen 
when administered as described above. 

3. Comparison of the 80 per cent oxygen series 
with the grouped controls showed that survival 
was not improved on a 1-, 2-, or 3-day basis, and 
that the ultimate, or 10-day, survival was signifi- 
cantly decreased (P = 0.03). 

4. Comparison of the 40 per cent oxygen series 
with the grouped controls shows that this concen- 
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tration of oxygen did not significantly influence 
either immediate or ultimate survival. 

While the numbers of animals in each of the 
treated groups are comparatively small, the sta- 
tistical analysis is supported by its agreement with 
the interpretations gained by inspection of the 
survival curves. 

Judged by the responsiveness of the animals, 
their appetite, and the rate, depth, and ease of 
breathing, those treated with 40 per cent oxygen 
appeared to be in better clinical condition through- 
out than the controls, even up to the immediate 
premortem phase. In 80 per cent and 95 per cent 
oxygen this improvement was noted only during 
the first 36 to 48 hours ; thereafter, the survivors 
appeared worse clinically than the controls living 
in room air. The surviving controls by this time 
gave clinical evidence of having passed the critical 
period. 

No relation was found between the length of 
survival and the interval between gassing and be- 
ginning oxygen therapy. No effect of oxygen 
therapy was found on the rate of development of 
pulmonary edema as judged by the rate of hemo- 
concentration. The degree of edema at death 
(within 80 hours) was essentially the same for 
both groups, the treated animals having an average 
lung-to-body weight ratio of 4.1 and the control 
group an average of 4.2. The heart rate tended 
throughout to be slower in the oxygen-treated ani- 
mals than in the controls. Bradycardia was found 
in normal animals residing in oxygen concentra- 
tions of 80 per cent or above. 

At autopsy, gassed animals that had died in 
the 95 per cent oxygen, or within 1 or 2 hours 
after removal into room air, showed the liver-like 
lung of ox5fgen poisoning, but forced inflation 
of the lung restored the typical picture of phos- 
gene poisoning. In the 80 per cent oxygen series, 
a few emphysematous blebs were present at death, 
while in the 40 per cent oxygen series the lungs 
were like those of typical phosgene poisoning ; the 
latter was also true of the dogs of the 80 per cent 
and 95 per cent series which died 4 hours or longer 
after being returned to air. 

The survival of 20 phosgene-poisoned rats was 
similarly unimproved by 95 per cent oxygen treat- 
ment. Their autopsy findings were like those de- 
scribed for dogs. 


It was impossible to determine from either gross 
of histologic examination of the lungs and other 
tissues how oxygen therapy had influenced the 
course of phosgene poisoning, or whether oxygen 
poisoning had been superimposed on the phosgene 
poisoning. The pulmonary damage by the 2 agents 
is so similar as to defeat pathological methods of 
differentiation (24). 

Five phosgene-poisoned rats were kept for 48 
hours in 100 per cent o.xygen maintained at 34 
atmosphere, a condition which was proved not to 
produce oxygen poisoning in normal animals. 
The lungs of these rats were solid and liver-like; 
hence, the anatomic appearance of the lung after 
high oxygen therapy may be attributed to the ab- 
sence of an inert gas and not to high oxygen ten- 
sions per se. This form of oxygen therapy also 
failed to lower the mortality rate. 

Data on the mortality following residence in 
low oxygen tensions for 1 and 4 hours after gas- 
sing are shown in Table I. It is evident that this 
procedure did not increase the mortality of phos- 
gene-poisoned rats, and comparison by the x‘ 

TABLE I 

Survival of phosgene-poisoned rats following residence in Icnv 
oxygen atmospheres* during the early 
phases of poisoning 







Rats surviving 



No. of 
rats 

Hours 
in low 
oxygen 

Aver- 

at: 


Procedure 




phosgene 

oxygen 

level 

24 

72 





hours 

hours 

tngm.-mtn. 
^cr liter 




tier 

cent 

per cent 


Treated 

5 

1 

10.6 

60 

60 

2.32 

Treated 

5 

4 

10.6 

80 

80 


Controls 

10 



20 

20 


Treated 

5 

1 

10.7 

60 

40 

2.90 

Treated 

5 

4 

12.2 

60 

60 


Controls 

10 



50 

50 


Treated 

5 

1 

10.8 

60 

20 

2.38 

Treated 

5 

4 

11.8 

60 

60 


Controls 

10 



70 

70 

1.61 

Treated 

10 

4 

10.8 

80 

70 


Controls 

10 



60 

60 

1.54 

Treated 

10 

• 3 

12.5 

90 

90 


Controls** 

10 



60 

60 

1.69 

Treated 

10 

4 

13.0 

70 

70 


Controls** 

10 



60 

50 


* CO 2 was 0,25 per cent or less; humidity and tempera- 
ture equal to room air. 

** Controls kept in similar 67-liter chamber with room 
air circulating. 
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test of the summed survivals of the rats treated for 
4 hours, with their summed controls gives a P 
value of slightly less than 0.03, i.e., a probably 
significant reduction of mortality. This, howe\'er, 
is not fully representative of the remaining 13 ex- 
periments, using 300 rats, in which oxj'gen per- 
centage was varied between 10 and 18 per cent, 
CO 2 between 0.25 and 5 per cent, humidity be- 
tween 35 and 100 per cent, and duration of treat- 
ment between 1 and 4 hours, beginning at once 
after gassing. In these latter experiments the 
data were ambiguous in the sense that consistent, 
repeatable results could not be obtained; some 
experiments gave decidedly favorable survival 
rates in the treated groups, whereas others gave 
equally unfavorable survival rates. In short, it 
appears that treatment with low oxygen tensions 
in this way was not deleterious; whether it was 
beneficial is uncertain. Variations in factors other 
than oxygen percentage appeared not to influence 
the results. 

The rats in the low oxygen tensions experi- 
enced anoxia, as judged by the respiratory efforts, 
the color of their ears and retina, and their be- 
havior ; when they were removed from the chamber 
after 4 hours they had palpable rales. No animals 
remained in the low oxygen atmospheres longer 
than 4 hours, a time at which edema generally was 
about half maximal. The lung-to-body weight 
ratios of many of the rats which died a few hours 
after being returned to room air were low com- 
pared with the controls. 

DISCUSSION 

The data show that while continuous 95 per 
cent ox}'gen therapy delayed death after gassing, 
it failed to improve ultimate survival. In fact, 95 
per cent oxygen therapy as administered to gassed 
dogs had an adverse effect on ultimate surv'i-val, 
due presumably to superimposed oxygen toxicity. 
This finding is not peculiar to the dog, according 
to the reports of Dumoulin and Qiarlier (IS) and 
Soulie (19). It therefore assumes clinical impor- 
tance, first because high concentrations of oxygen, 
administered for long periods, were required to 
banish cj-anosis in phosgene casualties of World 
War I (1), and, second, modem techniques of 
oxygen therapy are capable of providing oxygen 
tensions which might lead to oxvgen poisonintj- 


Thus it would be unwise to administer oxj-gen 
tensions in excess of those necessary to saturate 
the hemoglobin. It is not reasonable to assume 
that unavoidable interruptions are a factor of safety 
in the so-called 100 per cent oxygen therapy by 
mask (26). 

Although the data suggest that oxygen poisoning 
was superimposed on the phosgene poisoning, it is 
not possible to be certain of this at present. No dif- 
ferentiation could be made by either the histologic 
or physiologic methods used (24). Apparentl)', 
both induce similar if not identical pulmonaiy 
reactions and produce death by the same proc- 
ess, but oxygen at inhaled tensions of 600 to 760 
mm. Hg requires a longer time factor. The wide 
variations in susceptibility to oxygen poisoning 
provide another important but imassessable con- 
sideration. A possible interpretation is that high 
tension oxygen therapy, by delaying death, per- 
mits accumulation of edema fluid in amounts 
greater than that which would have induced fatal 
anoxia in air; this extra fluid may then nullify 
therapy. The essential question must remain open 
for the present: Will high oxj-gen tensions ad- 
ministered to a lung damaged by phosgene give 
rise to processes which ultimately are just as lethal 
as the primarj' damage? 

The data above suggest that oxygen therapy 
does little to prevent or break up the compound 
vicious cjxle associated with the 2 forms of anoxia 
identified in phosgene poisoning: (a) an anoxic 
anoxia, dependent on the pulmonaiy' edema, and 
(fc) a stagnant anoxia arising from the shock-like 
hemodj'namics connected with reduced blood vol- 
ume and increased blood viscosity. Oxygen ther- 
apy alone may relieve the anoxic anoxia and im- 
prove cardiac action without materially improwng 
the general capillaiy- circulation. Yet attempts to 
improve the circulation by infusions during oxy- 
gen therapy have not been successful (27). 

It docs not follow that ever}' case of phosgene 
poisoning presents this gloomy outlook. It is 
reasonable to antidpate that an unlmo’^-n but prob- 
ably small proportion of cases would die during 
the phase of nia.xima! edema if not supported by 
oxygen therapy. This possibility sho'uld not ly 
disregarded in the dinical management of the 
single case, statistics r.ot'.'rithst.anding. O.n the 
other hand, the above data justifv use of the alter- 
nate case m.ethod in assessing clinically the '.“’ue of 



942 


H. D. BRUNER, R. D. BOCHE, C. C. CHAPPLE, M. H. GIBBON, AND M. D. MCCARTHY 


oxygen therapy in the event of a mass exposure. 
The effects of sublethal anoxia on other tissues 
such as the kidney (28, 29) , whose function is re- 
quired during the subsequent restorative processes, 
indicate the use of oxygen. If it minimizes these 
later extra-pulmonary derangements, it is worth- 
while. 

While recognizing the mutual conflicts in the 
foregoing discussion, we nevertheless believe both 
points of view justified. However, it must be em- 
phasized that a lessened ultimate mortality should 
be considered the only definitive criterion of 
benefit. 

Drinker (20) recently proposed that anoxia of 
the pulmonary capillaries may cause, or exaggerate, 
edema initiated by other agents. This hypothesis 
might apply to phosgene poisoning, for blood oxy- 
gen analyses of gassed dogs show an anoxic and 
a stagnant anoxia present shortly after gassing 
(30) (Table II). This is also true of dogs 

TABLE 11 

Average and range of oxygen sakirations of arterial and 
venous blood of dogs poisoned by an 
L(CT) 99 of phosgene 


Oxygen saturation 

Before 
gassing 
(8 exps.) 

IS to 20 
minutes 
after 
gassing 
(8 exps.) 

2 to S 
hours 
after 
gassing 
(S exps.) 

Arterial 

96 

per cent 

82 

80 

oxygen 

saturation 

(94-99) 

(58-93) 

(68-90) 

Venous 

62 

21 

26 

oxygen 

saturation 

(37-91) 

(11-84) 

(16-47) 


poisoned by lower doses of phosgene (16). Gen- 
erally, there is a partial recovery of normal satura- 
tion which is again reversed about the time edema 
becomes clinically detectable. It was noted that the 
more severe the immediate anoxemia, the sooner 
the animals died. Barcroft (31) reported similar 
changes in phosgene-poisoned goats. 

On the other hand, this hypothesis is unlikely 
to apply in phosgene poisoning for the following 
reasons: (a) Some gassed animals developed 
edema with typical findings without showing the 
early anoxemia (16, 27). (&) The dogs that died 
in the high oxygen atmospheres with 24 hours 
after exposure to phosgene showed full pulmonary 
edema. Oxygen toxicity does not occur within 


this time, (c) Exposure of phosgene-poisoned 
rats to low oxygen tensions during the period of 
development of edema did not increase the mortal- 
ity over that of controls in air, (d) The bronchi- 
olar obstruction of phosgene poisoning might cause 
anoxia of distal alveoli (24), the severity of which 
would depend on the oxygen tension of the pul- 
monary artery blood. These tensions have been 
found in many instances higher than the oxygen 
tensions used by Drinker and associates (20, 32) 
to increase lymphatic drainage from the lung, 
which is not in itself proof of pulmonary edema. 
The peribronchial tissues, which are supplied with 
arterial blood, are the first areas of the lung to 
show edema (24), and anatomically the lymphatics 
are more closely related to these tissues than to 
the alveolar areas (33). (c) Animals (34) and 
men (35) have been subjected to very low oxygen 
tensions without evidence of pulmonary edema, 
and the generally accepted view that anoxia of a 
capillary leads to increased permeability has re- 
cently been brought up for re-examination (36). 
Thus it seems unlikely that alveolar anoxia signi- 
ficantly influences the production of edema in 
phosgene poisoning. 

The contradiction between clinical and experi- 
mental findings may be due to the fact that oxygen 
therapy in phosgene poisoning in man has never 
been subjected to as strict a test as that described 
above. 

SUMMARY 

1. Clinical opinion has assigned oxygen therapy 
a critical role in the treatment of phosgene poison- 
ing, but this evaluation has not been confirmed in 
experimental studies previously reported. 

2. One-hundred-ten dogs were exposed to an 
L(CT) 70 dose of phosgene. Half were then 
placed in a chamber operated dynamically, in oxy- 
gen atmospheres of 95 per cent, 80 per cent and 
40 per cent, until death or for 72 hours. No im- 
provement in ultimate survival was observed. Al- 
though death was delayed while the animals were 
in 95 per cent oxygen, ultimate survival was signi- 
ficantly decreased. 

3. To assess the factor of oxygen poisoning in the 
above results, ungassed dogs were exposed to 
similar oxygen concentrations. Because the pul- 
monary damage from continuous exposure to high 
oxygen tensions was so similar to that of phos- 
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gene poisoning, it was uncertain whether the in- 
creased mortality in the 95 per cent series was due 
to superimposed oxygen poisoning. 

4. Because of the possibility that the edema 
might have been related to pulmonary anoxia, 
gassed rats were kept in low oxygen atmospheres 
(10 to 18 per cent) for the first 1 to 4 hours after 
gassing. This treatment did not modify the course 
of the poisoning, nor did it decrease survival. In 
some experiments survival was significantly im- 
proved. 

5. The experimental findings are discussed in re- 
lation to their clinical application. 
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Continuous pressure breathing is a technique de- 
veloped to increase the alveolar oxygen tension by 
breathing oxygen at higher than ambient pressure. 
In other words the pressure within the alveoli of 
the lungs is higher than that outside the chest wall. 
It is found that as much as 16 mm. Hg of such ex- 
tra pressure can be tolerated for periods of 30 to 
60 minutes by the average healthy man. However, 
as the extra pressure is increased above this figure, 
evidence of a deleterious effect upon the circula- 
tion becomes increasingly apparent. At pressures 
of 25 to 40 mm. Hg circulatory collapse and faint- 
ing become frequent. Often in cases in which this 
does not ensue there may develop sensations of 
impending collapse with pallor and sweating, nec- 
essitating termination of the test. Although the 
blood pressure remains above the control level the 
pulse is small and difficult to feel and the cardiac 
output is diminished (1). When using these 
higher pressures not only is much blood pooled 
in the veins of the arms and legs but also there is 
a progressive hemoconcentration due to the pas- 
sage of fluid from the blood stream into the tissue 
spaces under the influence of the raised intravas- 
cular pressure (2) , A considerable fraction of the 
total blood volume is thus more or less sequestrated 
from the general circulation under these conditions 
and when collapse ensues it is in large part due to 
decreased effective blood volume. The actual to- 
tal volume of blood thus isolated cannot be readily 
assessed and there is need of a reliable but simple 
test which could be used to assay the impairment of 
circulation induced by pressure breathing. 

With this aim in wew we studied the blood pres- 
sure changes occurring during continuous pressure 
breathing. This was determined in the usual man- 
ner on the ann. Such an approach proved un- 
satisfactorj’ since a fall in the pressure was usually 

* The work described in this paper was done tmder a 
contract, recommended by the Committee on 'fedica! Re- 
search, between the Office os Scientific Research and 
Development and the University o: Sonthem Caliiorraa. 


only observed when the subject was on the verge 
of syncope. Othenvise the blood pressure w’as the 
same as the control value or, as was usual, it was 
somewhat elevated. We then decided to investi- 
gate the value of a determination of the changes in 
kidney function produced by pressure breathing. 

METHOD 

The specific function of the kidney studied was its ca- 
pacity to excrete urea. This information is obtained by 
determining the rate of urea excretion during any pe- 
riod and dividing this by the blood urea concentration 
at the time, thus obtaining a value essentially the same 
as the kidney clearance. Urea was chosen because of 
the accuracy with which it can be determined and the 
constancy of its clearance in a given individual under 
standard conditions. In addition it has been shown to 
be responsive to physiological changes in the circulatoo' 
system which take place in such conditions as severe ex- 
ercise (3) and hemorrhage (4). The test was carried out 
as follows; The subject went without breakfast in the 
morning and drank a liter of water on rising and 500 ml. 
per hour thereafter until the completion of the test. 
Within '2 hours a good diuresis usually developed and the 
determination of function was then started. The sub- 
ject emptied his bladder and noted the exact time. Thirty 
minutes later a blood sample was taken and 30 minutes 
after that, the first urine collection was made. Immedi- 
ately after completion of this 1-hour control period the 
subject pressure-breathed for 30 minutes. 

Either compressed air or pure oxygen was used and ap- 
plied by an Army A-13 prcssure-brcatliing mask. Pres- 
sures were measured at the mask and determined by ob- 
serving a manometer connected to a tube introduced into 
the mask. In order to ensure a full application cf the 
pressure the subjects were instructed not to restrict the 
passage of gas to the lungs by closure of the glottis. No 
counter-pressure was applied to the body. A blood s-am- 
plc was taken midway through tl'.e pressure-breathing 
period and the urine collesned at the end. Olsrrvati or.’ 
were continued during the post-pressure-Lrcr.thing pe- 
riod for 2 or 3 consecutive hourly peri'.d'. Thus each, 
test involved a series c: 4 or 5 peri>ls v.hich ts-ge'J'.er fc- 
cupied a whole morning. 

Four subjects were studied with repeated te’ts. Or. 
any given test line lrcat.h:.ng pressure rerr.rirel c-esta-t 
throurheert the pres'-ure-bteathirg ter; «; Drt'i-at- r-.U' 
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TABLE I 


Representative table showing the decrease in kidney function 
during a 30-minute period of breathing at 40 mm. 

Hg super added pressure 

■ The equation below illustrates the method of calculating 
the reduction in kidney function produced by the pressure 
breathing and the figures so obtained are those depicted 
in Figures 1, 2, 3, and 4. In addition the table illustrates 
the lag in return of function after pressure breathing is 
stoppw. 

June 10, 1946 

Subject: E. K. 

Pressure: 40 mm. Hg 


Period 

Time 

Urine 

urea 

Blood 

urea 

Urea 

clearance 

Kidney 

function 

(control) 


min. 

mgm. per 
hr. 

mgm. per 
100 ml. 

ml, i^er 
hr. 

per cent 

1 

68 

906 

19.8 

4580 

100.0 

2 






P.B. 

Period 

32 

426 

1 

18.3 

2330 

50.9 

3 

31 

106 

18.6 

570 

12.4 

. 4 

47 

847 

18.9 

4480 

97.8 


Urea clearance Per. 2 
Urea clearance Per. 1 


23.3 

45.8 


50.9 per cent. 


were carried out on all subjects using 10, 20, 30, and 40 
mm. Hg mask pressure. 

The urea in the blood and urine was determined by the 
urease technique of Addis (5). The rate of excretion of 
urea was calculated on a per hour basis for each period 
(pre-pressure-breathing, pressure-breathing and the two 
post-pressure-breathing periods). This hourly rate was 
divided by the urea concentration of mgm. per cent found 
in the blood taken at the middle of the period. (Determi- 
ations of the blood urea showed no significant' change 
throughout the morning of a given test.) The quotient 
so obtained was taken as the measure of kidney function 


during any particular period. The value for the kidney 
function during the pre-pressure-breathing period of a 
given test was taken as 100 per cent and the kidney func- 
tions found during the succeeding periods were calculated 
on this basis. 


RESULTS 

It is apparent from Table I that the pressure 
breathing has caused a decrease in kidney function 
not only during the period of active pressure 
breathing (Period 2) but also during the post- 
pressure-breathing period (Periods). In Figure 
1 are shown the results of a series of such tests on 
the same subject, each circle representing the re- 
duction in kidney function during the pressure- 
breathing period of one test. Figures 2, 3, and 4 
represent similar series of tests for 3 other sub- 
jects. It will be seen that at 40 mm. Hg pressure 
the function was reduced to between 20 to 50 per 
cent of normal. 

A pressure of 10 mm. Hg shows practically no 
effect; but, beginning with 20 mm. Hg there is a 
definite functional depression which becomes 
greater with successively higher pressures. In 
many experiments the function remains depressed 
for an hour or more after the resumption of nor- 
mal breathing. Figure 5 illustrates this point. 
The continuation of the depression of urine volume 
and urea clearance during the first post-pressure- 
breathing period is marked. It may be noted that 
when the urine volume decreases to levels of 0.1 ml. 
per min., as it did in the post-pressure-breathing 



Fig. 1 
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period represented in this case, the urea clearance 
determination becomes less accurate (6). Figure 
6 illustrates a case in which the function during the 
post-pressure-breathing period is markedly di- 


minished below that during the pressure-breathing 
period. However it must be remembered that the 
charts give only the average of function during 
each period. It is not possible to determine the 
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Fig. 7 


function for each minute. Therefore, for the case 
shown in Figure 6, it does not follow that the func- 
tion during the last minute of the pressure-breath- 
ing period was actually lower than that of the 
first minute of the after period. 

This prolonged depression in function following 
the pressure breathing suggested that there is a 
certain “inertia” of function prolonging response 
beyond the causal period. The question arose 
whether there was a corresponding delay in the 
decrease in function at the onset of the pressure- 
breathing period. To test this, an experiment was 
carried out in which the subject continued pressure- 
breatliing for 1 hour (Figure 7). This period was 
subdivided into 3 periods in each of which a sepa- 
rate function determination was carried out It 
is apparent that marked depression does not occur 
immediatel}’ and that during the first 15 to 20 min- 
utes the fimction remains relatively high, 

DISCUSSION 

Reference may be made to some of tlie work that 
has been published in recent years indicating that 
the kidney circulation is early reduced in condi- 
tions that embarrass the general circulation (7 to 
9). The results of these workers in addition to 
that of others support the ^•icw that a measurement 


of kidney function can be used to determine the de- 
gree of circulatory stress. Our findings are defi- 
nitely in line with this. Care must be taken in 
every particular case to evaluate the action of 
additional factors, such as kidney disease and spe- 
cific renal toxins, which can affect kidney function. 
Pain also has been shown to diminish renal func- 
tion (10). The exact mechanism of its action 
on the kidney has not yet been decided. There was 
some degree of discomfort in breathing at the 
higher pressures and this action may have contrib- 
uted to the reduction in kidney function seen here. 

Pressure breathing may be considered a useful 
experimental method by which definite circulatory 
stress can be produced rapidly and with relative 
safet}'. We feel that the degree of depression of 
kidney function that we obtained is proportional 
to the magnitude of the circulator)' stress produced. 
Used in this vay the procedure has been of some 
■value to us in determining the efficacy of sup- 
portive measures which may be used to com'nat tiic 
deleterious effect of pressure breathing on ti;c dr- 
culation. 

Our res'ults indicate tiiat pressure breathing of 
moderate m.agnitudc can be tolerated by r.-jmv:' 
healthy indivic'uals for appreciable tinrts. f.r., to 
1 hour. The higher press-arcs car.r.',-t l-e tolerated 
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SO long. We believe that pressure breathing might 
be used as a test of circulatory fitness. It would 
seem probable that individuals with reduced circu- 
latory reserve such as is found in persons employed 
in sedentary occupations would be affected by 
those lower pressures which do not have very much 
effect on physically active people in good circu- 
latory condition. The degree of effect on the cir- 
culation could, we believe, be readily estimated by 
determining the effect on kidney function. Not 
only does such a test give an opportunity for quan- 
titative measurements but it can be carried out 
without producing the alarming and uncomfortable 
symptoms associated with circulatory collapse. 

In conditions in which the amount of actively 
circulating blood is reduced by loss of fluid or 
pooling in inactive areas the vasomotor system will 
cut down on blood flow through regions that can 
tolerate this temporarily. The circulation through 
the kidney behaves somewhat like that through 
the skin in this respect and kidney blood flow 
can be reduced to %o V20 normal resting vol- 
umes when strain is imposed on the circulatory 
system (11). The kidney circulation can jn fact 
serve as an important reserve for the general vas- 
cular system. Not only is a certain volume of 
blood made directly available by the reduction in 
kidney volume following renal vaso-constriction 
but in addition it may be noted that normally % of 
the blood in the great veins, heart, lungs and aorta 
is concerned with the renal circulation and that 
when blood flow through the kidney is reduced this 
blood can then be utilized to serve the vital areas 
of the body. 

The question might be raised as to the “wisdom 
of the body” in sacrificing kidney function in con- 
ditions putting a strain on the circulatory system. 
If this strain is not prolonged beyond a few hours 
then cutting down of the blood flow through the 
kidney would seem to be a proper mechanism to 
help tide the circulatory system over a temporary 
embarrassment. The concomitant temporary re- 
duction in kidney function would not be harmful. 
Thus, a normal individual can remain for at least 
a day without kidney function without showing 
otherwise any serious disturbance. Upon the re- 
sumption of activity this organ can quickly make 
up for the period of inactivity. We might speak 
of the body going into a “renal debt” in order to 
help the circulatory system carry on during a pe- 


riod of temporary stress. Naturally there should 
not be complete cessation' of renal blood flow for 
any appreciable duration since this may lead to ir- 
reparable kidney damage if lasting more than 1 
hour (12). 

However, such a mechanism is not without its 
dangers. If the circulation cannot be established 
within a reasonable time the continued impairment 
of kidney function would lead to serious conse- 
quences. This can be the case in prolonged trau- 
• matic shock and infectious diseases causing periph- 
eral circulatory failure (7), It is probable that 
continued dehydration can also be dangerous for 
this reason. Finally if renal function had already 
been inadequate for a prolonged period before the 
imposition of circulatory stress then a further re- 
duction in renal blood flow even for a few hours 
could be a serious matter. 

The lag in the return of kidney function to normal 
after cessation of pressure breathing is of interest. 
It represents to some extent the time required for the 
circulatory system to return to normal. However, 
this period is normally very brief since the blood 
pooled in the limbs is immediately available for 
active circulation on tlie cessation of pressure 
breathing. Some of the delay is due to the time 
(10 to 20 minutes), needed for return to the 
blood of fluid that had escaped into the extra- 
vascular compartment. In addition, time is needed 
for the kidney tissue to reestablish itself after 
proper blood flow has been started again. Thus 
Selkurt (13) has shown that after clamping the 
renal arteries for 20 minutes the return of kidney 
function to normal was delayed at least 2 to 3 
hours after release of the artery, whereas direct 
measurement of blood flow showed a much more 
rapid restitution. 

An additional important mechanism, however, 
which may account for much of the prolonged lag 
lies in the possibility of hormonal activity. The 
urine volume changes during the test suggest that 
an antidiuretic (presumably posterior pituitary) ac- 
tion may enter into the picture. Since pituitrin de- 
presses urea clearance in addition to the urine vol- 
ume, posterior pituitary activity may also play a 
significant part in the lag in return of kidney func- 
tion to normal after cessation of pressure breathing 
(3). That this hormone is involved is suggested 
by the report of Brun et al (14) who studied kid- 
ney fimction during the circulatory collapse pro- 
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duced by prolonged maintenance of the upright 
position on the tilt table. They found that the inu- 
lin and diodrast clearances were reduced during 
the period of collapse and for periods of a quarter 
of an hour or more thereafter. The subjects drank 
large amounts of water so that they were well hy- 
drated and were excreting large volumes of urine 
prior to the collapse. Following collapse the urine 
volume was markedly diminished and remained 
low for periods of 1 hour or more. They present 
evidence to support the view that this reduction 
in urine volume is due to increased secretion of an 
antidiuretic hormone. Our results are similar 
with respect to changes in urine volume. It should 
be noted that the urine volumes in our cases -were 
depressed for a considerable period after the pres- 
sure breathing and that the urea concentration in 
the urine was increased at this time, although the 
clearance was depressed. Our findings differ from 
those of the above mentioned workers to the ex- 
tent that we did not have s}Tnptomatic circulatory 
collapse and that the blood pressure was well main- 
tained, whereas their subjects showed very low 
blood pressures during the period of reduced kid- 
ney function. 

SUMMARY 

1. Four subjects submitted to 30-minute pe- 
riods of continuous pressure breathing at 10, 20, 
30 and 40 mm. Hg above ambient pressure showed 
a progressive reduction of kidney function which, 
with the higher pressures, reached approximate!}’ 
20 to 50 per cent of normal values. 

2. This depression in function persisted for 1 to 
2 hours after the cessation of the pressure-breath- 
ing period. The possible mechanism of this con- 
tinued depression is discussed. 

3. These results support the view that estima- 
tions of kidney function may be used as a measure 
of the circulator}’ stress induced by a reduction of 
effective blood volume. 


4, It is suggested that pressure breathing should 
be investigated as a test of circulatory fitness by 
employing estimations of disturbance of kidney 
fimction as an index of the extent of its effect upon 
the circulatory system. 
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Numerous liver function tests have been devised 
and most investigators agree that some disturb- 
ance in liver function occurs during the toxemias 
of pregnancy. These changes are of relatively 
small magnitude and the clinical use of these tests 
in pregnancy is not widespread. The technique 
of venous catheterization with resultant sampling 
of blood directly leaving the liver offers further op- 
portunities for study of liver function. 

METHODS 

A method of estimating hepatic blood flow in 
man based on the "Pick” principle has been de- 
scribed by Bradley and coworkers (1). In their 
article they point out that “The ‘Pick’ principle 
may be applied to any organ provided three facts 
are known; (I) the concentration of some sub- 
stance, X, in the blood entering the organ, (2) 
the concentration of X in the mixed venous blood 
leaving the organ, and (5) the total amount of X 
removed from the blood by the organ each minute. 
Given these data, the blood flow through the organ 
per minute may be calculated by dividing the total 
removal rate of X by the amount of X removed 
from each milliliter of blood as it traverses the 
organ.” 

The removal rate of X by the liver cannot be meas- 
ured directly, but an indirect method is available if X can 
be given at such a rate that its blood level remains con- 
stant. Under these conditions, the infusion rate equals 
the hepatic removal rate, provided that the extraction of 
X depends entirely upon hepatic activity. Bromsulfalein 
(BSP) was used as the test substance since it apparently 
satisfied these conditions. 

The calculation of hepatic blood flow then can be de- 
termined by the following formula ; 

R 1 

EHBF = 0.01 (P — H) ^ 1 — Hematocrit 

1 This study was carried out with the aid of a grant 
from the Commonwealth Fund. 


Where EHBF = estimated hepatic blood flow, 

R = removal rate or the infusion rate in 
mgm. per minute, 

P = peripheral venous concentration of BSP 
in mgm. per minute, 

H = hepatic venous concentration of BSP in 
mgm. per minute. 

Hematocrit was from anticoagulated blood drawn from 
the hepatic vein in most cases. Four hematocrits were 
always taken and the average of the 4 used in the calcu- 
lations. Occasionally peripheral vein blood would be used 
for hematocrit determination because of temporary diffi- 
culty in obtaining enough hepatic vein blood through the 
catheter: in Tables I, II, and III these peripheral vein 
hematocrits are starred (*). 

If the concentration of BSP in the peripheral blood is 
changing, hepatic blood flow may also be estimated if the 
plasma volume is determined. In this case, R (the re- 
moval rate of BSP by the liver) = I (the infusion rate 
mgm. per minute) plus or minus dP X V where dp = the 
rate of change in concentration of BSP in the peripheral 
blood in mgm. per ml. per minute and V = plasma volume 
in ml. Plus or minus depends on whether the concentra- 
tion of BSP in the peripheral blood is rising or falling- 
If the peripheral concentration is rising, P = / — (dP X 
V) since less dye is being removed than is administered. 
If the peripheral concentration is falling, P = 7 -f (dP X 
V) for the converse reason. 

Samples of hepatic vein blood are obtained with more 
or less ease by catheterization of the right hepatic vein 
with a 100-cm. No. 8 ureteral catheter with a slightly 
curved through-and-through tip with one eye. The cathe- 
ter, through which an isotonic saline infusion is running, 
is inserted in the median basilic vein under local anes- 
thesia. With the patient in the supine position on a fluoro- 
scope table, the catheter is then passed into the subclavian 
vein, the superior vena cava, the right atrium, the infer- 
ior vena cava, and the right hepatic vein. The patient ex- 
periences no discomfort during this procedure. The most 
difficult part of the procedure is to get the tip of the 
catheter past the right atrium and into the inferior vena 
cava rather than down into the right auricle and ventricle. 
In advanced pregnancies this was more difficult than in 
the non-pregnant cases presumably because of increased 
angulation of the vena cava at this point due to elevation 
and deviation of the heart to the left by the upward dis- 
placement of the diaphragm and liver. Apprehensive pa- 
tients with small peripheral veins were occasional failures 


952 



LITOR BLOOD FLOW IN PREGNANCY 


953 


TABLE I 


The average EHBF in non-pregnant women with no evidence of liver disease 


Sub- 

ject 

Age 

in 

years 

Diagnosis 

Sur- 

face 

area 

Average serum 
concentration 
BSP 

Average 

extrac- 

tion 

percent- 

age 

Total 

re- 

mox'al 

rate 

Hepatic 

blood 

flow 

Hepatic 

blood 

flow 

Average 

AP 

Plasma 

volume 

Hema- 

tocrit 

Blood 

volume 

EBBF 
percent 
of total 
blood 




p 

H 

P—E 

P 

BSP 







volume 





mgm. i 

er cent 

per cent 

mgm, 

per 

min. 

va. 

per 

min. 

ml, per 
min. per 
1J3 






R.S. 

26 

Salpingitis 

1.45 

.81 

.28 

69.1 

3.92 

1402 

1674 

.0000656 

2270 

KOJTiflk 

3760 

37.2 

R. L. 

23 

Salpingitis 

1.69 

1.03 

.58 

43.10 

4.86 

1737 

1779 

.0000844 

2688 


4200 

41.3 

H.M. 

28 

No disease 

1.68 

1.87 

.98 

45.80 

6.79 

1270 

1307 

.0002323 

2688 

35.70 

4180 

30.4 

R. C. 

22 

Salpingitis 

1.43 

2.18 

1.30 

39.80 

6.95 

1410 

1706 

.0001236 

2315 

37.10 

Isf'F '1 

38.3 

F. G. 

22 

Salpingitis 

1.58 

3.80 

3.23 

13.95 

6.59 

1736 

1900 

.00045M 

2435 

38.85 

^•1 

42.8 

F.J. 

32 

Salpingitis 

1.75 

3.53 

2.43 

28.50 

7.65 

1192 

1177 

.0000788 

2582 

38.80 

4220 

28.2 

E. S. 

25 

Gonococcal 

cervicitis 

1.52 

2.42 

1.60 

32.80 

5.98 

1385 

1576 

.0003530 

2315 

41.40 

3950 

35.0 

G. P. 

29 

Post-abortal 

salpingitis 

1.56 

1.17 

.45 

59.50 

5.30 

1297 

1438 

.0008445 

2635 

34.50 

4020 

32.2 

M.F. 

33 

Psycho- 

neurosis 

1.50 

2.74 

1.94 

30.40 

6.30 

1313 

1515 

.0001425 

2336 

40.10 

3900 

33.6 

P. T. 

22 

Salpingitis 

1.52 

1.81 

.94 

48.10 

5.93 

1203 

1370 

.0001000 

2380 

39.80 


30.4 

M.L. 

35 

Bartholin 

cyst 

1.44 

1.22 

.45 

62.10 

5.94 

1298 

1560 

.0002770 

2360 

36.50 

m 

34.8 

M. L. 

25 

4 weeks 

1.55 

2.27 

1.53 

32.30 

6.20 

1264 

1410 

.0002150 

2850 

28.90 

4000 

31.6 

L. S. 

32 

pubLpdi Lliiii 

Salpingitis 

1.38 

1.64 

.84 

47.40 

6.20 

1223 

1535 

.0000534 

2400 

31.25 

3490 

35.0 

M.W. 

21 

Salpingitis 

1.58 

2.74 

1.99 

26.20 

6.76 

1547 

1695 

.0001430 

2780 

31.40 

4050 

38.1 

M. C. 

22 

25 days 
postpartum 

1.67 

2.21 

1.20 

45.40 

7.68 

1517 

1573 

.0007145 

2700 

35.50* 

4190 

36.2 

Average 
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* Indicates peripheral vein hematocrit. All others from hepatic vein, (Sec page 952.) 


when peripheral venous spasm rendered the catheter im- 
morablc except for withdrawal. Not leaving the catheter 
in the body for longer than 90 minutes was preferred after 
2 patients developed peripheral phlebitis when the catheter 
had been left in the veins for longer than 2 hours; the 
phlebitis disappeared rapidly under simple treatment 

The BSP infusion was allowed to run into the same arm 
through which the catheter was inserted and samples of 
peripheral blood were withdrawal from the opposite arm. 
The concentration of BSP in the peripheral blood was 
considered cquaralent to afferent blood to the liver since 
the liver presumably is tlie exclusive site of removal of 
the dye. 

In pregnancy it would be necessary to take into account 
tlie action of the fetal liver in remo%'ing BSP were it not 
for the fact Uiat bromsulfalcin does not cross the placenta. 
Two patients in tlic second stage of labor were given 
bromsulfalcin intravenously in quantity sufficient to keep 
the peripheral concentration high for a period of 20 to 
30 minutes prior to deliverj’ of the baby. Immediately 
after delivery, samples of the blood from the umbilical 
cord showed no BSP present whereas the mother’s pe- 
ripheral blood concentration was still very high. 

For a complete discussion of the method of determining 
the BSP concentration, of the s-aliditv of the method, and 
of the c.alculation of th.e EHBF, the reader is referred to 
Bradlp- ci cl (I). Our method of BSP determ.inaticn was 
essentially th.e same as theirs. However, we did work with 


higher blood levels of BSP {i.c., 1.0 mgm. per cent or over 
for the hepatic blood levels, since these are always lower 
than the peripheral) because below this level' we found 
an increasing percentage of error in the plasma BSP re- 
coveries. If the plasma concentration was I.O mgm. per 
cent or over, the percentage error was only 21* to 5 
per cent . Since the best plasma recoveries usually showed 
a 5 per cent loss, all plasma levels were corrected for this 
loss by dividing hy .95. 

Whereas in non-pregnant patients the estimated plasma 
volume could be determined from the surface area by 
reference to the tables of Gibson and Evans (2), in preg- 
nant patients this could not be done. Hence, in tlie preg- 
nant patients, it was necessary to measure the plasma 
volume accurately, using tlie dye T-1S2-? or Evans blu'. 
This determination was done imm.ediately following com- 
pletion of the bromsulfalcin part of the cxperi.ment ac- 
cording to the tcclinique of Price and Longmire f3) wiffi 
the following modification, .‘spproximately 5 ml. of 
Evans blue were loaded in a S-m.l. syringe cquippol v.ith 
a guard to keep the plunger steady and weighed together 
with tJ:e needle. The dye s'.as injected into an ir.lvilvr. 
tubLng jus: above the hub of the infusion's needle r.r.i ex- 
treme precautiens taken to lore none cf the dye by -ushng 
the smallest possible hypodermic nec-ile fg-cj.-e I.' .. 29' 
for injection with a clamp just l.ehin I the site cf injecti n 
to prevent diffusi'-n cf th.e dye l.-.cl.w.-ard* i-.f the irfusi -. 
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was allowed to run very rapidly for 3 minutes to insure 
complete flushing of the dye from the infusion tubing. 
The needle and syringe together with the residual dye on. 
the walls of the syringe were then weighed again and the 
■difference from the original weight represented the amount 
of T-1824 injected. Samples were taken according to the 
method of Gibson and Evelyn (4) at IS-minutc intervals 
and the concentration of the dye in the plasma determined 
in the Coleman spectrophotometer. A constant {K) for 
the lot of dye used and for the machine was determined 
from a calibration curve. 

RESULTS 

A series of non-pregnant women was first ex- 
amined in order to provide a standard for com- 
parison. This series is presented in Table I ; the 
EHBF varied from 1,177 to 1,900 ml. per minute 
per 1.73 M*. of body surface with an average of 
1,548 ml. These results are practically the same 


as those of Bradley and coworkers. It tvill be 
noticed that the average AP in this series is high. 
We found it difficult to maintain a constant blood 
level of the bromsulfalcin. Therefore, all our re- 
sults were dependent on the added determination 
of plasma volume, and tliese values were obtained 
from the tables of Gibson and Evans. The last 
column in these tables represents the EHBF per- 
centage of total blood volume. In these non-preg- 
nant women, it averaged 35 per cent with a range 
of from 28.2 per cent to 42.8 per cent. 

Fifteen normal pregnancies of various periods 
of gestation were studied and the equivalent he- 
patic blood flows determined. These data are 
presented in Table II. The range of EHBF was 
from 1,075 to 2,465 ml. per minute per 1.73 M*. 
of body surface area with an average of 1,554 ml. 


TABLE 11 


The average EHBF in normal pregnancy 


Sub- 

ject 

Age 

In 

years 

Diagnosis 

Sur- 

face 

area 

Average 
serum 
concentra- 
tion BSP 

Average 

extrac- 

tion 

percent- 

Total 

re- 

moval 

rate 

He- 

patic 

blood 

flow 

Hepatic 

blood 

flow 

Average 

AR 

Plasma 

volume 

Hema- 

tocrit 

Blood 

vol- 

ume 

EHBF 
percent 
of total 
blood 




P 

H 

P~B 

P 

BSP 






volume 




M.5 

mgrn 

ce 

. per 
ni 

1 

percent \ 

i 

msfft. 

Per 

min. '• 

ml. 

per 

tnin. 

ml. per 
min. per 
1.73 ilf.J 






M.W. 

23 

Para-4 Gravida-5 

35 wk. gestation 

1.83 

2.28 

1.63 

29.4 

5.07 

1137 

1075 

.0006340 

4480 

31.60 

6630 

17.1 

A. K. 

27 

Para-0 Gravida- 1 

40 wk. gestation . 

1.85 

1.50 

.70 

52.6 

6.87 

1454 

1360 

.0000466 

3533 

37.30* 

5760 

25.2 

R.D. 

31 

Para-3 Gravida-4 

8 wk. gestation 

1.45 

2.59 


18.1 

5.63 

2065 

2465 

.0001360 

2850 

40.20 

4670 

44.2 

L. W. 

j 

34 

Para-3 Gravida-4 
Thr. abortion 

12 wk. gestation 

1.75 

1.61 

.89 

50.2 

7.10 

1287 

1273 

.0001320 

i 

3110 

36.40 

5200 

24.7 

D.B. 

26 

5 mo. gestation 


2.09 

1.37 

34.1 

6.42 

1319 

1500 

.0001030 

2900 

31.40 

4270 

30.9 

A.W. 

18 

Para-0 Gravida-1 

38 wk. gestation 

Mgd 

2.34 

1.48 

36.1 

6.75 

1188 

1245 

.0001160 

3080 

32.30 

4730 

i 

25.1 

H.S. 

32 

Hyperemesis gravi- 
darum 3 mo. gest. 

1.58 


2.61 

14.1 

5.67 

1646 

1803 

.0003070 

4700 

22.40 : 

6300 

26.1 

K. D. 

23 

Para-0 Gravida- 1 

37 wk. gestation 

1.80 

1.94 

1.29 

32.6 

7.19 

1520 

1460 

.0000205 

4500 

34.00 

7100 

21.4 

E.K. 

25 

Para-3 Gravida-4 

37 wk. gestation 

1.58 

3.01 

2.15 

28.5 

6.90 

1092 

1196 

.0002820 

3680 

31.10 

5540 

19.7 

M. D. 

25 

Para-4 Gravida-5 
Term gestation 

1.73 

2.12 

1.56 

26.1 

6.49 

1854 

1854 

,0001690 

3950 

34.80* 

6000 

30.9 

M.M. 

38 

Thr. abortion 

10 wk. gestetion 

6 mo. gestation 
Para-0 Gravida- 1 

1.57 

3.45 

2.65 

23.0 

6.47 

1517 

1672 

.0002140 

2350 

43.80* 

4200 

36.1 

M.S. 

22 

1.73 

1.58 

.73 

52.4 

7.69 

1423 

1423 

.0000930 

3380 

30.10 

4830 

29.4 

E. S. 

21 

Para-0 Gravida- 1 

7 mo. gestation 

1.50 

2.51 

1 

1.71 

33.9 

7.16 

1200 

1385 

.0002590 

3360 

32.13 

4950 

24.2 

A. F. 

23 

Para-l Gravida-2 
,7 mo. gestation 

1.70 

2.61 

1.86 

28.1 

7.86 

1697 

1728 

.0002720 

3240 

33.80* 

4890 

34.7 

A. P. 

24 

Bartholin abscess 

6 mo. gestation 

1.59 

1.79 

1.30 

30.3 

6.49 

1726 

1878 

.0001480 

3120 

31.10 

4520 

38.1 

Average 
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28.5 


* Indicatea peripheral vein hematocrit. AH others from hepatic vein. (See page 9S2.) 
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TABLE in 

The average EHBF in pregnant •women •with toxemia* 






Average 

Average 













serum 

1 extrac- 

Total 

He- 
patic 
blood 
flow 1 






EHBF 

Sub- 

ject 

Age 

in. 

years 

Diagnosis 

Sur- 

face 

1 area 

concentra- 
tion BSP 

1 tion 
percent- 
age 

re- 

moval 

rate 

Hepatic 

blood 

flow 

Average 

AP 

Plasma 

volume 

Hema- 

tocrit 

Blood 

vol- 

ume 

percent 
of total 
blood 






P—S 

BSP 






volume 





p 

H 

p 















1 

mim. 

ml. 

ml, per 

1 








if.> 


i>er cent 

i>er 

per 

min.per 











1 

tnin. 

min. 

1J3 il.^ 






L. P. 

28 

Mild pre-eclampsia 

1.6 

1.85 

0.60 

62.9 

6.72 

1007 

1090 

.0001010 

2788 

40.6 

4640 

21.7 

E. Z. 

26 

Essential hypertension 

1.68 

1.97 

1.00 

46.8 

6.65 

1285 

1323 

.0000520 

3060 

34.2 

4490 

28.6 

J.M. 1 

20 

Severe pre-eclampsia 

1.6 

2.77 

2.27 

18.3 

6.32 

1969 

2130 

.0001399 

2263 

34.6*‘ 

3460 

56.9 

i 


pre-Caesarean 

10 days post- 

1.52 

2.44 

1.84 

24.7 

5.75 

1736 

1973 

.0002575 

2536 

27.9 

I 

3520 

49.3 



Caesarean 

1 








1 




A. B. 

27 

Hypertension with 

1.68 

2.60 

2.28 

12.4 

5.06 

2374 

2445 

.0004154 

3413 

34.1 

5180 

45.8 

A. G. 


superimposed pre- 
eclampsia 













28 

Nephritis 

1.76 

1.15 

0.48 

58.3 

6.76 

1595 

1568 

.0000761 

2286 

34.3** 

3480 

45.8 

M. F. 

25 

3 months pregnant 
Early pregnancy (3rd) 
with history of 
eclampsia and severe 

1.82 

2.29 

1.88 

16.2 

7.65 

4070 

! 

3860 

.0001327 

2625 

39.9 

436o' 

1 

88.0 



pre-eclampsia with 















previous pregnandes 







1 

1 

1 

1 


1 

1 

1 



* Table 111 shows a few toxemic pregnant patients examined with interesting but inconclusive results since there 
are so few cases. 

Patient L. P. with very mild pre-eclampsia had a normal EHBF. Patient E. Z. had essential hypertension and a 
nomal EHBF. Patient A. G., examined when 3 months pregnant, had chronic nephritis but went on to term success- 
fully; her EHBF was normal. 

, ]• M. had severe pre-eclampsia for which Caesarean section was performed; her EHBF ■was somewhat elevated both 

before delivery and to a less extent post-operatively. It is interesting also to note the high EHBF percentage of total 
blood volume in her case. The same elevations of EHBF and EHBF per cent of blood volume were found in patient 
A. 13. who had hypertension with superimposed pre-eclampsia, developing premature separation of the placenta and 
delivering a 6 lb. II oz. stillbirth. 

, F- f^ad a verj' high EHBF per minute, so high, in fact, it represented 88 per cent of the total blood 

volume. Two previous pregnancies had been complicated by eclampsia and pre-eclampsia. She w'as ex.amincd at 
weeks in this, the third, pregnanej' at which time her temperature, pulse, blood pressure and urine were normal, 
ine remainder of her pre^ancy was perfectly uneventful, with normal labor occurring at term. 

hi because of the paucity of examined cases, these results suggest some abnormality of liver 

Diood How in me severe toxemias of pregnancy. Further study in this direction is expected, and certainly necessary 
Dclore any definite conclusions can be made as to the effect of toxemias on liver blood flow. 

** Indicates peripheral vein hematocrit. All others from hepatic vein. (See page 952.) 


which is practically identical with the non-pregnant 
average EHBF. Subject R. D. in this series was 
examined when she was pregnant 4 months. She 
had had 2 previous normal pregnancies. Although 
her EHBF was high, 2,4(55, she went on to term 
wtli this pregnancy without developing anj' signs 
of toxemia. 

As would be expected from the fact tliat the 
cquii-alent hepatic blood flow does not change in 
normal pregnancy, the EHBF percentage oi total 
blood volume was somewhat decreased, particu- 
larly late in pregnancy when the blood volume is 
increased. The EHBF percentage ot total blood 
volume in this scries averaged 2S.5 per cent with a 
range of 1/ ,1 to 4-1.2 per cent. A physiological in- 


crease in blood volume is a knov-m fact in preg- 
nancy. Liver blood flow remains unchanged, how- 
ever, presumably because of shunting of the ex- 
cess blood volume through the placenta. 

CONCLUSION 

Liver blood flow in normal pregnancy does not 
differ from liver blood flow in non-pregnant pa- 
tients with normal livers. Th.e average EHBF per 
minute per 1.73 M.' was 1,554 ml. in normal preg- 
nancy and 1,54S ml. in non-pregna.nt women. Th.e 
decreased EHBF per cent of total blood volume in 
prcgnar.cv' is an obvious corollary.' to th.e fart that 
liver blood flow remains unchanged in the presence 
of an increased blood volum.e c: pregnancy. 
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EXPERIMENTAL TRANSMISSION OF MINOR RESPIRATORY ILI^ 
NESS TO HUMAN VOLUNTEERS BY FILTER-PASSING 
AGENTS. I. DEMONSTRATION OF TWO TYPES OF 
ILLNESS CHARACTERIZED BY LONG AND 
SHORT INCUBATION PERIODS AND 
DIFFERENT CLINICAL 
FEATURES" 

By THE COMMISSION ON ACUTE RESPIRATORY DISEASES - 
{From the Resfirafory'Jjiseases Commission Laboratory, Regional Hospital, Fort Bragg, N. C.) ’ 

(Received for publication March 3, 1947) 


■ INTRODUCTION 

Investigations of respiratory disease in militarj' 
populations, and to a less extent in civilian life, 
have consistently demonstrated that a large major- 
ity of the respiratory illnesses are of unknown eti- 
ology (1 to 10). Clinical and epidemiological 
studies have indicated points of similarity and of 
difference in selected groups of such cases (1, 6, 
11, 12), hut in tlie absence of laboratory confirma- 
tion, it has been almost impossible to segregate 
distinct entities. In the Army, for example, stud- 
ies in the field, in dispensaries, and in the hospital 
(13, 14) have shown variations in the clinical 
picture from mild, “coryzal” types of infection, re- 
sembling the “common cold,” to severe, “grippe- 
like” illnesses, either with or without pulmonary 
infiltration. Similarly, epidemiological observa- 

^ This investigation was supported through the Com- 
mission on Acute Respiratory Diseases, Board for the 
Investigation and Control of Influenza and Other Epi- 
demic Diseases in the Army, Preventive Medicine Serv- 
ice, Office of the Surgeon General, United States Army, 
and by grants from the Commonwealth Fund, the W. K. 
Kellogg Foundation, the John and Mary R. Markle 
Foundation, and the International Health Division of the 
Rockefeller Foundation, to the Board for the Investiga- 
tion and Control of Influenza and Other Epidemic Dis- 
eases, for tlic Commission on Acute Respirators' Diseases. 

- Members and professional associates of the Com- 
mission on .'Veute Respiratory Diseases were: John H. 
Dingle, Lt. Col., M.C., A.U.S., Director; Theodore J. 
Abemethy, Lt. Col., M.C., A.U.S. ; George F. Badger, 
Major, M.C.. A.U.S.: Joseph \V. Beard, M.D. ; Norman 

L. Cressy, Major, M.C, A.U.S.; A. E. Feller, M. D.; 
Irving Gordon, M.D.; .Alexander D. Langmuir, Major, 

M. C., A.U.S. ; Oiarlcs H. Rammclkamp, Jr., M.D.; Elias 
Strauss, Major, M.C., .A.U.S. 

- Now located in the Department of Preventive Medi- 
cine, Schtxil of Medicine, Western Reserve University, 
QevelanJ. Ohio. 


tions have revealed waves of mild respiratory in- 
fections, chiefly resembling the “common cold,” 
in the summer and fall (13) and epidemics of more 
severe disease, apparently associated with an in- 
creased incidence of primary atypical pneumonia, 
in the winter and spring (2, 13, 15). Laboratory 
studies have failed to reveal causative agents in 
these cases, although human volunteer experiments 
have suggested a relationship between minor re- 
spiratory illness and primaiy' atypical pneumonia 
(16 to IS). 

A more direct attempt (a) to segregate “en- 
tities” from this group of unclassified respiratory 
illnesses and (b) to clarify the relation between 
minor respiratory illnesses and primary’ atypical 
pneumonia has been made by a series of experi- 
ments in human volunteers. Four donor subjects 
were selected whose illnesses appeared clinically 
to represent different types of respiratory disease: 

(2) A relatively severe febrile illness, with sore 
throat, hoarseness and cough, in a recruit; re- 
ferred to here as “acute respirator^' disease” 
(-^RD), 

(2) A coryzal illness, with fever and constitu- 
tional symptoms, in a laboratoiy officer, referred 
to here as “severe common cold” ( S-CC) , 

(J) A mild coryzal illness, without fever, in a 
medical officer, referred to here as “common cold" 
(CC), and 

(4) A severe febrile illness, '.’.'itli marked con- 
stitutional svTnptoms and rales in the lungs, in a 
recruit, referred to here as “Ijronchitis rcsemh'ir.g 
at}-p:cal pneumonia” (Br-.AP). 

Filtered washings from the respiratory tracts 
of these 4 donors. inocuLctcc into 4 greur-- c: vol- 
unteers. induc-ed 2 tw.':-- oi ri'.ir.or rc.-'. i:at .r-. ik- 
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ness as indicated by clinical characteristics and in- 
cubation periods. The results are reported in the 
present paper. 

Further differentiation of these 2 types of 
minor respiratory illness was achieved on the 
basis of active immunity by reinoculation of the 
volunteers with homologous and heterologous 
washings from the donors. Finally, it was deter- 
mined that primary atypical pneumonia could still 
be induced in individuals convalescent from botli 
types of disease. These findings are presented in 
the second paper. 

Terminology 

Inadequate knowledge of causation of the re- 
spiratory illnesses dealt with in this paper results 
unavoidably in cumbersome nomenclature. The 
terms and abbreviations employed here are used 
in an attempt to name the individual illnesses which 
were selected for study because they might repre- 
sent entities and to relate those illnesses, insofar 
as possible, to cases observed in previous investi- 
gations. 

Undifferentiated actite respiratory disease 
{ARD). This term is applied to an acute febrile 
respiratory disease of short duration characterized 
by constitutional reactions or local respiratory 
symptoms, or both, of sufficient severity to require 
hospitalization,^ and by epidemic occurrence among 
recruits in the winter months (2, 14, IS). The 
etiology is unknown. The diagnosis is made by 
exclusion, based on; (I) the absence of clinical or 
serological evidence of streptococcal infection or 
specific contagious disease; (2) absence of pul- 
monary consolidation, as determined by roentgeno- 
gram; and (J) absence of serological evidence of 
influenza A or B. 

Severe common cold (S-CC) . This name indi- 
cates a respiratory illness characterized by coryza, 
constitutional symptoms and fever. With respect 
to the particular donor used in the present experi- 
ments, the term was applied retrospectively at the 
end of the study because of the difficulty in classify- 
ing his illness clinically as an instance of “acute 
respiratory disease” or of “common cold.” 

Common cold (CC). This term refers to a re- 
spiratory infection characterized principally by 

■* In the Army the usual criterion for hospitalization v?as 
a temperature of 100° F. or higher. 


coryza, minimal constitutional symptoms and little 
or no fever. 

Bronchitis resembling atypical pneumonia {Br- 
AP). This term is used to describe a febrile re- 
spiratory disease in which the character of onset, 
physical findings, including rales in the lungs, and 
clinical course of illness are similar to those ob- 
served in primary atypical pneumonia ; roentgeno- 
graphic evidence of pulmonary consolidation, how- 
ever, is lacking (1), 

Minor respiratory illness (MRI). This phrase 
is employed as a general term to indicate those re- 
spiratory illnesses, occurring among the recipients 
in these and previous experiments (16 to 18), 
which were characterized by variable clinical pat- 
terns and absence of roentgenographic evidence of 
pulmonary consolidation. The term has also been 
used in previous publications (13, 15) to designate- 
a mild, usually afebrile respiratory infection which 
was observed among recruits on duty and in dis- 
pensaries, but which did not require hospitalization. 

METHODS AND MATERIALS 

The experiments were performed in tlie same hotel 
utilized for previous studies. In general, the selection 
of volunteers, isolation precautions, clinical and labora- 
tory examinations and inoculation procedures were the 
same as those employed the year before in the third ex- 
periment of the series (18). Each volunteer was isolated 
in an individual room during the entire experimental pe- 
riod in order to prevent chance exposure to respiratory 
diseases through outside contact. A control period of iso- 
lation of not less than 2 weeks preceded tire inocu- 
lation of each individual. The techniques of a contagi- 
ous hospital were instituted ; gowns and face masks were 
worn at all times by the attending staff. 

Subjects. Thirty-seven volunteers comprised the first 
study group. These men were observed during a 7-week 
period from May 17 to July 5, 1945. At the completion 
of this study 16 of the original group volunteered to re- 
main in isolation for an additional 7 weeks ; the remaining 
23 men were released from observation and 25 replace- 
ments secured. The second half of the study was con- 
ducted during the 7-week period from July 11 to August 
31, 1945 : 41 volunteers comprised the experimental group. 
None of the volunteers had participated in previous in- 
vestigations performed in 1943 or 1944. 

Laboratory Studies. Complete blood counts using capil- 
lary blood were done at the beginning of the isolation 
period. Total and differential leukocyte counts were ob- 
tained subsequently at 3- or 4-day intervals. The eryth- 
rocyte sedimentation rate was determined weekly by the 
Rourke-Ernstene method (19). 

Venous blood was taken at weekly intervals for the 
following tests: cold hemagglutination (20), antistrep- 
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tolysin (21), heterophile antibody (22) and agglutinin- 
inhibition tests for influenza viruses A and B (23). 
From 4 to 6 specimens were obtained from each individual 
during any given study period. Specimens from each 
subject were always tested at the same time at the con- 
clusion of the experiment. 

Bacteriological study of the throat flora was made on 
each volunteer and on each member of the attending stafiE 
every second day. Swab cultures of the pharynx and ton- 
sils or tonsillar fossae were taken before breakfast, placed 
immediately in 5 ml. of sterile broth and subsequently 
plated on blood agar according to a standard technique 
(24). Every 4th day an additional throat swab was ob- 
tained and placed in media selective for the cultivation 
of Ec/a-hemolytic streptococci (25). The presence or 
absence and relative frequency of the following organisms 
were recorded: Feta-hemolytic streptococcus, Staphylo- 
coccus aureus, pneumococcus. Hemophilus influenzae, H. 
hemolyticus, Friedlander’s bacillus, and gram-negative 
cocci. The usual mouse technique vras employed for the 
detection of pneumococci. Anaerobic cultures were not 
performed. 

Jnocula. The inocula consisted of nasal and pharyngeal 
washings obtained from each of the 4 donor subjects 
during the acute stage of illness and from each of nine 
welt persons in a control group. The inocula were pre- 
pared in the following manner : Several specimens of na- 
sal and pharyngeal washings in sterile broth were collected 
•from each donor, frozen immediately and stored at — 70° 
C. A few days prior to inoculation, the individual speci- 
mens from each donor were thawed rapidly in a 37° C. 
waterbath and pooled. After manual shaking or homo- 
genization in a Waring blcndor, tlie material was centri- 
fugalizcd at 4,500 r.p.m. for 10 minutes in an angle cen- 
trifuge, and the sediment discarded. Approximately half 
of the supemate was filtered through Coming “UF” 
fritted glass filters and half through single-pad Seitz fil- 
ters. All procedures were carried out in the cold. Speci- 
mens from each filter were placed in separate Pyrex 
Erlenmycr flasks, a portion was reserved for bacterio- 
logical study and the balance of tire filtrate refrozen and 
stored at — 70° C. until ready for use. Aerobic and anae- 
robic cultures of the several specimens of filtrate were 
made on blood-agar plates, and in blood broth and thio- 
glycolate medium. All filtrates proved to be sterile, so 
that none had to be discarded. On the day of inoculation 
the specimens were thawed rapidly, kept iced and used 
in proportion of approximately 1 part Coming filtrate 
to 1 part Seitz filtrate. 

Inoculation procedures. Five groups of men. A, B, C, 
D and E, were given inoculations of various types of fil- 
trate on different d.ays (Table I). The inoculations were 
given out-of-doors and sterile precautions were used 
throughout. 

E.ach volunteer received a total inoculum of 10 ml. ad- 
mir.iftercd in 3 equal doses d'.iring the rr.emir.g and 
aftemonn of a single day. .Approximc.tely 2,5 ml. was 
given by r.clvaliecr and 7.5 ml. by atomircr. The material 
uas sprayed into th.e nose and throat in. synchrcn.ieatian 
with deep in.spinatinn. : a ta-k of nitrogen 'ervo! as a 


source of pressure. Comparable techniques were main- 
tained, not only in the separate inoculations of a given 
day, but also in those given on different days. 

Treatment. The treatment of patients was symptomatic. 
Antipyretic or antibacterial drugs were not used. Nasal 
instillation of sympathomimetic drugs tvas avoided. Co- 
deine sulphate and phenobarbital were administered to 
control headache, cough or restlessness. Barbiturates 
were used freely as sedatives. 

RESULTS 

Inoculation oj autogenous filtrates {control) 

Separate autogenous filtrates were prepared, us- 
ing pharjuigeal and nasal washings collected from 
each of 9 individuals after 9 and 11 days in isola- 
tion, respectively. Such inocula were employed in 
order (J) to assess the mechanical effects of the 
spraying procedures, (2) to demonstrate the pos- 
sible existence of a latent agent, and (5) to avoid 
the selection, as "control” donors, of apparently 
normal individuals who might be actually harbor- 
ing an ^ent. After a total period of 14 days of 
isolation, each volunteer was inoculated "with his 
own filtrate (Group A, Table II). 

TABLE I 


Types of illness in donors of the inocula administered to the 
volunteers in the various groups 


Group 

Number 

1 of 
men 

1 

Date 
of inoc- 
ulation 

^vpes of illness in donors* 

Code 

deflg- 

nation 

A 

Q 

5/5I/4Sj 
6/8/45 ! 

A'one 

Control 

B 

1 

“Acute respiratory 
disease" 

ARD 

C 

14 

6/11/45' 

"Severe common cold” 

S-CC 

D 

10 

7/27/45 

"Common cold” 

CC 

E 

10 

7/26/45 

“Bronchitis rc=cmbling 
atypical pneumonia” 

Br-.-\P 


* Sec text for definitions of the illnesses. 


TABLE tl 


Summary of results in 4S volunteers inoculated vrilh flllrcles 
from cases of respiratory disease end in 9 cor.'.rc’.s 
inoculated vcitk autogenous filtrates 


Croup 

InecuVim* 

Days cif ! 

\ 

tnoeula- 

i 

Number 

cJ 

Re- 

1 

MR I 1 

1 

1 

A 

Control 

1-^ ; 

9 ! 

0 ! 

0 

® i 

ARD 1 

22 1 

14 1 

>2 1 

2 

C ' 

S-CC ' 

25 

1^ ! 

<} \ 


D 

CC 

17 

10 

6 ! 

1 4 

E 

Br-AP j 

16 

: 10 

1 

1 ^ ' 
E ; 

' 6 


MR! ^ Minor rc-rimm-r-.- h:-.- ’. 

* Son Tsh’f 1 nn-f tri: frr eiy’.nrg;’.;:-r. e' rL.’.-. 
nations. 
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Of the 9 volunteers given autogenous filtrates 
all remained well for a period of 30 days following 
inoculation (Table II). In no instance were symp- 
toms or physical signs indicative of respiratory 
disease observed. 

Inoculation of ARD fiUrata 

On June 8, after a control period of 22 da 3 fs, 
14 volunteers received ARD filtrate (Group B, 
Table II). The donor of this filtrate had suf- 
fered a moderately severe respiratory illness com- 
parable to the “undifferentiated acute respirator}' 
disease” of recruits (2, 14, 15). Pertinent data 
regarding the illness are given below and shown 
graphically in Figure 1. 

The patient (NE) was an 18-year-old soldier with 5 
weeks of Army service. He was well until the evening 
of May 7, at which time he became feverish, drowsy and 
developed a sore throat. The following morning these 
symptoms were still present and he was admitted to the 
hospital. The temperature on admission was 102.8° F., 
the pulse rate, 124, and the respiratory rate, 24. He ap- 
peared moderately ill. Physical examination revealed 
palpable non-tender cervical lymph nodes, slight nasal dis- 
charge (which was no more than normal for the patient), 
and mild injection of the soft palate, pharynx and tonsils. 


The tonsils were not conspicuously enlarged ; exudate was 
not present. The lungs were clear. Roentgenograms 
of the chest taken in posterior-anterior and oblique posi- 
tions showed no consolidation. Sinus films showed poly- 
poid thickening of both antra, but no evidence of acute 
infection. 

The febrile period was of 2 days’ duration. Sore throat 
and later, hoarseness and cough, were the most prominent 
sj'mptoms noted. By tlic 6th day all symptoms had 
disappeared. Convalescence was uneventful. 

The total leukocyte count was normal. Bacteriological 
studies performed during the first 3 days from throat 
swabs, and from throat and nasal washings showed H. 
influcitcac and H. hcmolylicus. Serological tests were 
made on 4 samples of scrum obtained at weekly inter- 
vals from admission; these tests included cold hemagglu- 
tination, hetcrophile agglutination, antistreptolysin “O” 
titers and antibody determinations for influenza viruses 
A and B. None of these tests revealed findings of diag- 
nostic significance. 

Of the 14 volunteers inoculated with ARD fil- 
trate, 12 developed minor respiratory illness and 2 
remained well (Table II). None of the group de- 
veloped primary atypical pneumonia. 

In 9 individuals, symptoms were first observed 
on the 5th or 6th day after inoculation. In the 
remaining 3 cases, onset of illness occurred on the 
3rd, 8th and 9th days, respectively. 


DAY OF DISEASE 

1 

~ ■ ■ 1 

2 

3 

1 

4 

5 

6 

lllElllli 

104- 

r 103- 
*0» 

1 1 102- 
s 1 

£ 101- 
% S 

•- £ 100- 

O 

99- 

98- 



■ 

1 

B 

tspirotory 

?ase 

HD) 


W.B.C.r 1000/ 

P.M.N. 






6.4/ 


X — RAY 

^ Sinuses 


0 

0 


0 



Feverishness 
Drowsiness 
Naso) Disch. 
Symptoms- Sore Throot 
Hoarseness 
Cough 
Sputum 



Frc. 1. Clinical Chart of Donor Whose Illness was Termed Acute Respiratory 

Disease (ARD) 
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The clinical pattern observed in these cases was 
variable. In general the illnesses were mild in 
nature, with minimal constitutional symptoms, and 
varying degrees of symptoms and signs referable 
to upper respiratory tract. In 7 patients the dura- 
tion of illness was no more than 4 days ; in 5 pa- 
tients it lasted between 6 and 12 days. Fever was 
not a conspicuous feature in any of the subjects ; 
none had as brisk a febrile response to illness as 
did the donor. 

The onset of illness was usually characterized 
by the development of dry or sore throat during 
the course of 24 or 48 hours. Generally, there 
were accompanying signs of mild inflammation of 
the soft palate or pharynx (injection or lymphoid 
hyperplasia). Nasal symptoms (sneezing, ob- 
struction and discharge) were frequent during the 
first 48 hours from onset, but were of minimal in- 
tensity and not associated with obvious signs of 
nasal obstruction or coryza. Hoarseness and 
cough were observed at some time by approxi- 
mately half of the patients, but were not conspicu- 
ous features of the early course of illness. 

The following case reports illustrate the charac- 
teristics of the illnesses following inoculation of 
ARD material. 

Case No. RP3-331. Five days after inoculation this pa- 
tient first observ'ed sore throat which was unaccompanied 
by constitutional or other local symptoms. During the 
nc.xt 24 hours there was minimal nasal obstruction and 
discharge as well as soreness of the throat Physical ex- 
amination revealed only prominent pharjTigeal Ijanphoid 
follicles. On the 3rd day of illness he complained of 
headache ; there was improvement in nasal ss-mptoms, bat 
no lessening of throat symptoms. The cen-ical lymph 
nodes were tender, but not conspicuously enlarged. Na- 
sal obstruction was of moderate degree. There was grad- 
u.il improvement in symptoms and signs, and all evidences 
of illness disappeared by the 7th day. The maximum tem- 
perature u-as 99.8° F. on the day after onset of symptoms, 
or 6 days after inoculation. 

The total and differential leukocyte counts showed no 
.alteration following inoculation. There was no clca-alion 
of the erythrocyte sedimentation rate at any time. Sero- 
logical procedures showed no diagnostic increase in anti- 
bodies to influcnra viruses A or B, hetcrophilc agglutinins, 
or cold hemagglutinins. Fr.'a-hcmolylic streptococcus, 
group C, was isolated from throat cultures before and 
after inoculation, bat no diagnostic rise of antistreptoly- 
sins was demonstrated in the patient’s serum during con- 
a'alesccrtec. 

Core .Vo. RP3-321. This Cf-ycnrold subject gave a 
history c5 infrequent mild respiratory infections cf short 
duration occurring or.re a year. ar.J o-nsiiting cf sore 


throat, nasal congestion and coryza. He had had no re- 
spiratory illness in the previous 8 months. Beginning 6 
days after inoculation he observed gradual onset of dry- 
ness of the throat, which was later followed by sore- 
ness of the throat, dry cough and malaise. On the 2nd 
day of illness he complained of feverishness, loss of ap- 
petite, aching of the eye-balls, sneezing and “stufnness” 
of the nose. Physical examination revealed tender cer- 
vical lymph nodes and minimal injection of the nasal and 
pharyngeal mucosa. On the 3rd day there was improve- 
ment in constitutional symptoms but little change in 
throat or nasal sjTnptoms; in addition the cough became 
productive of mucoid sputum. From the 4th to Sth day 
of illness he noted substemal discomfort during coughing. 
The nasal symptoms persisted until the 10th day. Cough 
decreased in amount and intensity, finally disappearing on 
the 12th day, 18 days after inoculation. Pulmonary in- 
filtration was not demonstrated by auscultation or by 
roentgenography. Roentgenograms of the paranasal si- 
nuses showed no evidence of acute or chronic infection. 
Recovery was uneventful. Bacteriological examinations 
showed no change in flora of the throat; serological ex- 
aminations were non-contributory. 

Inocuhtion of S-CC filtrate 

Fourteen volunteers were inoculated trith S-CC 
filtrate after a control isolation period of 25 days 
(Group C, Table II) . The donor of this inoculum 
had experienced a moderately severe febrile re- 
spiratory illness in which nasal sjTnptoms, coryza 
and cough were associated trith constitutional 
symptoms. The clinical course of illness in this 
donor is given below and in Figure 2. 

OL, a 33-ycar-old laboratory officer, had been well for 
at least a month when on the morning of April 23 he ob- 
served coryza, cough and substemal soreness. He re- 
ported for duty but felt unwell because of malaise, fever, 
coryza and continued cough which was productive inter- 
mittently of grccnish-yclIow sputum. In the afternoon, 
the malaise became worse. By evening he felt "grippy” 
and observed a dull frontal headache. The oral tempera- 
ture was 100.2° F. The following morning tl-.crc were 
drjT.css of eyes, mouth, throat and lips and diminution of 
nasal symptoms. Physical examination revealed a tem- 
perature of 99.4° F., mild hj-pertroph;,- of ll'.e ph.aryr.geat 
IjTuph follicles, edema and injection of the na^al mueos--. 
tvithout discharge. The lungs were dear. Roenteer.'’- 
grams of the lungs and paranasal sinuses showrl r.o aeute 
or chronic pathological changes. Trans-iiluminetion of 
the sinuses was normal ; a ccnrultant found ro evidence 
or allergic rh.iritis. The tempe.-ature rc:e to Vj12' F. 
on the evening cf .April T-S, the 2nd d'.y. 
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Fig. 2. Clinical Chart of Donor Whose Illness was Termed Severe 
“Common Cold” (S-CC) 


quent and there was gradual decrease in nasal symptoms 
and signs. Roentgenograms of the chest and sinuses on 
the 6th day showed no pathological changes. Convales- 
cence was prolonged. 

The total leukocyte count on the 2nd day was 11,800; 
on the 5th day the count had decreased to 9,700. Poly- 
morphonuclear leucocytes constituted 76 and 56 per cent, 
respectively, of the differential formulae. Cultures of the 
throat and sputum revealed pneumococcus, type 11. H. 
hemolyticns was isolated from throat washings. Samples 
of acute and convalescent sera showed no increase in anti- 
body titer to sheep cells, streptolysin “O,” group "O” hu- 
man erythrocytes, or influenza viruses A and B. 

Of the 14 subjects given S-CC inoculum, nine 
became ill with mild to moderately severe respira- 
tory infection (Table II). None of this group 
developed roentgenographic evidence of primary 
atypical pneumonia. 

In contrast with the finding in the ARD group, 
all patients developed illness within 24 to 48 hours 
after inoculation of S-CC filtrate. The clinical 
pattern was featured by sneezing, nasal obstruction 
and objective evidence of coryza. Because of the 
prominence of nasal symptoms and signs there was 
usually little difficulty encountered at the bed- 
side in distinguishing this type of illness from that 


which followed the ARD inoculum. The duration 
of illness, furthermore, was more prolonged. 
Symptoms were present for from 4 to 7 days in 4 
patients, from 9 to 13 days in 5. The type and 
course of illness resulting from S-CC inoculum 
resembled that of naturally acquired cases of the 
“common cold.” An example is presented in the 
following case report : 

Case No. RP 3-236. This 22-year' old volunteer had ex- 
perienced rare head colds of 2 weeks’ duration during the 
past few years. He suffered occasionally from frontal 
headaches and, during most of the preceding year, from 
slight nasal congestion and post-nasal discharge. His 
last previous respiratory infection occurred during the 
spring of 1945 with symptoms lasting for only 1 day. 
During the 25-day control period of isolation he was free 
of respiratory symptoms. 

Inoculated on June 11, he first noted an abrupt onset 
of illness at 6 p.m. on June 12. The incubation period 
was calculated to be not less than 27 hours nor more than 
33 hours. The initial symptoms were excessive sneezing, 
nasal discharge and increased post-nasal drip. Later that 
evening he noted generalized weakness, dull cranial dis- 
comfort and mild sore throat. The following day cough 
and feverishness were present, and physical examination 
disclosed only slight injection of the pharynx. The tem- 
perature rose to 100.2“ F. on the afternoon of the 2nd day 
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of illness. On the 3rd day (June 14) the temperature re- 
turned to normal, headache persisted, but other constitu- 
tional symptoms were absent Local symptoms, however, 
were prominent and consisted of sneezing, nasal obstruc- 
tion and discharge, dry and sore throat, hoarseness and 
dry cough. Physical examination at this time revealed 
nasal obstruction, thin serous discharge from the nares 
and slight injection of the pharynx. The lungs were 
clear. The subsequent course of illness was characterized 
by improvement in nasal symptoms and signs and gradual 
diminution of cough which was no longer present after 
the 13th day. Roentgenograms of the chest showed no 
pulmonary infiltration at any time. Sinus films were clear 
before as well as 2 weeks after inoculation. 

The leukocyte counts, differential formulae, and eodhro- 
cyte sedimentation rates were within normal limits. Sero- 
logical tests on acute and convalescent sera showed no 
antibodies which were diagnostic of influenza, infectious 
mononucleosis, primary atypical pneumonia or strepto- 
coccal infection. Cultures of the throat showed Bcfa- 
hcmolytic streptococcus. Group D, and pneumococcus, 
type 3, both of which were isolated repeatedly before as 
well as after inoculation. 

Inoculation o/ CC filtrate 

After an isolation period of 17 days, 10 volun- 
teers were given CC filtrate obtained from a donor 
who had a mild afebrile respiratory illness charac- 


terized principally by coiy^za. This illness was 
considered to resemble the "common cold” (Group 
D, Table II). During convalescence from his 
infection the donor developed cold hemagglutinins 
in the serum in low titer. The course of illness in 
this patient is shown in the following case report 
and in Figure 3. 

MI, a 29-year-old medical officer, first observed onset of 
respiratory disease on May 11, 1945, The first symptoms 
were drj’ throat and slight burning and irritation of “the 
nose. Later in the day there was watering of the eyes. 
The following morning sneezing, nasal obstruction and 
coryza were prominent symptoms. The nasal discharge 
was copious and serous in character. Mild dysphonia also 
was present for a short period. Constitutional symptoms, 
except for fatigability, were absent He carried on with 
his normal duties. Physical findings were confined to con- 
gestion and edema of the nasal mucosa. Roentgenograms 
of the chest and sinuses were interpreted as being normal. 

The maximum temperature did not exceed 99° F. 
Nasal obstruction and discharge were the most prominent 
features of illness. The appearance of the nasal mucosa 
did not suggest an allergic rhinitis. Cough was present 
for 2 days but was non-productive. No rales were 
audible in the lungs at any time. 

A single total leukocyte determination showed 10,500 
cells with normal differential distribution. Cold hemag- 
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glutinin titers were as follows : 2nd day, < 8 ; 9tli day, 32 ; 
16th day, < 8 ; 23rd day, 8. Antistreptolysin, hctcrophilc 
and influenza antibody studies showed no diagnostic in- 
creases in titer. 

Six of the 10 subjects became ill following the 
inoculation of CC filtrate (Table II). The ill- 
nesses were not associated with fever, were mild 
in character and were featured by the presence of 
nasal symptoms and signs resembling those of tlie 
“common cold.” None of the patients developed 
pulmonarj’- infiltration or cold hemagglutinins. 

Onsets of illness occurred approximately 24 
hours after inoculation in 3 cases, on the 2nd day 
in 2 cases, and tire 4th day in 1 case. Illness in 
these patients usually began abruptly with the de- 
velopment of sneezing, nasal obstruction, and 
coryza in association with constitutional symptoms 
of mild degree. In 2 patients, dry or sore throat 
and cough were also early symptoms. In 2 pa- 
tients, hoarseness was noted. Constitutional 
symptoms of chilliness, feverishness, headache, 
malaise or weakness were observed by 5 of the 6 
cases but were of short duration. 

Abnormal physical signs in the respiratory tract, 
except for obvious nasal obstruction and discharge, 
were minimal. Injection of the soft palate was 
not encountered and signs of inflammation of the 
pharynx (injection or lymphoid hyperplasia) were 
present in 3 cases. Rales were not audible. The 
illness in one patient, representative of the group, 
is given in the following case report. 

Case No. RP4~321. A 30-year-old male had had “in- 
fluenza” in January 1944. He usually experienced 2 to 3 
respiratory infections each winter lasting about 1 week 
and manifested by sore throat, nasal congestion and 
coryza. There had been no illness of this type in the 
previous 4 months. During the pre-inoculation period of 
isolation he was well. 

On July 28, at 2 p.m., approximately 30 hours after the 
first inoculation, he noted abrupt onset of excessive sneez- 
ing, nasal obstruction and coryza. Later that day he ob- 
served myalgia and postorbital aching. Dry cough and 
hoarseness were intermittently present during the first 
12 hours. The following day, in addition to the above 
symptoms, he observed headache, a dry, sore throat and 
substemal' aching. Physical examination revealed mod- 
erate nasal obstruction and clear serous discharge. 

On the 3rd day (June 30) tlie constitutional symptoms 
were no longer present, the nasal symptoms were un- 
changed, post-nasal “drip” was noted and the cough was 
productive of a slight amount of mucoid sputum. Promi- 
nent lymphoid follicles on the pharynx were obser\'ed for 
the first time on this date. The subsequent course was 


characterized by rapid subsidence of all symptoms and 
signs. The clinical course of illness lasted 5 days. There 
were no signs of pulmonary infiltration. Recovery was 
uneventful. 

The total and diflerential leukocyte counts and eryth- 
rocyte sedimentation rate showed no significant change 
from normal following inoculation. Cold hemagglutinins 
were not present in significant titer, all specimens show- 
ing titers of < 8. Bacteriological study of the throat flora 
showed no significant change as a result of inoculation or 
of illness. 

Inoculation of Bi'-AP filtrate 

After a control isolation period of 16 days, a 
group of 10 volunteers was given filtrate Br-AP 
(Group E, Table II). The illness in this donor 
was more severe tlian that experienced by any of 
the other donors. The symptoms, physical signs, 
clinical course and serological findings were con- 
sistent with the diagnosis of primary atypical 
pneumonia. Roentgenographic evidence of pul- 
monary infiltration, however, was lacking. The 
course of illness is given in the following case his- 
tory and shown graphically in Figure 4. 

BA, a 35'year-old soldier with 1 month of Army sen’- 
ice, was admitted to the hospital on April 30, 1945. On 
the afternoon of admission there was an abrupt onset 
of chilliness, feverishness, generalized aching, weakness 
and dry cough. Later, headache was noted. The temper- 
ature was 100.8® F., the pulse, 80, and respirations, 20 per 
minute. Physical examination the next day revealed a 
moderately ill patient whose soft palate and pharynx were 
injected. The lungs at this time were clear to percussion 
and auscultation and roentgenograms of the chest and 
sinuses were normal. During the 2nd day of disease 
the temperature rose to a maximum of 103.5° F., the 
constitutional symptoms continued, cough persisted and 
was productive of a small amount of thick yellow sputum. 
On the 3rd day, the patient was still moderately ill, 
the temperature reaching a maximum of 104® F. Fine 
rales were audible for the first time at the base of the 
left lung. A roentgenogram of the chest on the 4th day 
was clear. Rales continued to be heard at tlie left base, 
and subsequently, at the right base, until the 6th day. The 
temperature fell by lysis, reaching normal on the 6th day. 
Gjugh and sputum continued until the 10th day. 

The total leukocyte and differential counts were normal. 
Throat cultures showed Hemophilus infltieiiaae and H- 
hemolyticus. From throat washings and sputa, the follow- 
ing organisms were isolated; pneumococcus, types 10, 14 
and 29; H. influenzae and H. hemolyticus. Cold hemag- 
glutinins were present in the convalescent sera during the 
3rd week in a titer of 16; blood taken during the acute 
illness showed a titer of < 8. Heterophile antibody tests, 
antistreptolysin determinations and agglutinin-inhibition 
tests for influenza viruses A and B showed no diagnostic 
increases in titers. . 
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Fig. 4. Cunical Chart of Dokor Whose Illness was Termed Bronchitis Re- 
SEMBUNC Atypical Pneumonia (Br-AP) 


Of the 10 volunteers receiving Br-AP filtrate, 
4 developed minor respirator)- illnesses (Table 
II). Onsets of disease in these patients were ob- 
served 2, 3, 3 and 7 days, respectively, after in- 
oculation. The illnesses were mild ; fever was not 
observed in any of the patients. Auscultatory or 
roentgenographic evidence of pulmonaiy infiltra- 
tion was not detected in any of those ^^•ith illness. 

Constitutional S3Tnptoms of feverishness, head- 
ache and malaise were present in only 1 patient. 
Two patients experienced sore throat as the in- 
itial symptom; tlie remaining 2, nasal symptoms. 
Hoarseness was noted in 2 cases. Cough was 
not obscivcd in any of the 4 who became ill. 

Physical findings were minimal and consisted of 
tender ccrv-ical h-mph nodes (1 case), nasal in- 
jection and obstruction (2 cases), phaiyngeal in- 
jection (1 case) and pharyngeal h-mphoid h)-pcr- 
plasia (2 cases) . 

Xo characteristic clinical pattern ^vas cHdent 
in tliesc cases. Xonc of the illnesses was as severe 
.as that of the donor of the inoculum. 


CLINICAL CORREIATIONS 

Comparison of the types of illness obsera-ed in 
each of the experimental groups revealed many 
clinical features which were common to all groups. 
Nevertheless, certain features such as nasal symp- 
toms and signs, were more prominent in some 
groups than others. For purposes of increasing 
the material aa-ailable for analysis, 6 cases of ill- 
ness from the second half of the study are included 
(26). Four of these illnesses were induced by re- 
inoculation of 5 men of the control group avith fil- 
trate S-CC. and the other 2 illnesses follo-.vcd 
the inoculation of 5 men with filtrate ARD (sec 
Figure 1 in the following paper (26]). Thus, 
clinical correlations were made from the follo-.vir.g 
material: 14 cases, filtrate .ARD; 13 ca'cs, filtrate 
S-CC; 6 cases, filtrate CC; and 4 cases, filtrate 
Br-AP. 

Ir.cubalisr. f cried. The sharp diflercncc in in- 
cubation p/tr:?>ds obser.-ed in ti-.c grcjps irr*ru!ated 
with filtrate ARD and S— CC is rer.di'y seen in 
Figure 5. .Although the number rf ca.'e' in ti:e CC 
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INCUBATION PERIOD OP 
MINOR RESPIRATORY ILLNESSES IN RECIPIENTS 



^•^'3■4■5■6■r 8 

. DAYS AFTER INOCULATION 

Fig. 5. Incubation Period of Minor Respiratory Ill- 
nesses IN Recipients of the 4"Inocula 

See Table I and text for explanation of code designa- 
tions ARD, S-CC, CC, and Br-AP. 


group is small, 5 of the 6 cases had onsets on the 
1st or 2nd day after inoculation. , In this respect 
and in other features which will be pointed out 
below, the CC and S-CC groups were similar. 
The incubation period in the Br-AP group was 
not clearly defined because of the small number of 
illnesses. 

Symptomatology. The total frequency of symp- 
toms is shown in Table III. Only slight differ- 
ences are apparent for each symptom among the 
various diagnostic groups. With respect to daily 
frequency and time of appearance of nasal and 
throat symptoms, however, further analysis re- 
vealed certain differences between the ARD and 
S-CC groups (Figure 6). Nasal symptoms 
(sneezing, obstruction and discliarge) tended to 
develop earlier, that is, wdthin the first 48 hours 
from onset and were present in greater day-by-day 


TABLE 111 

Total frequency of symptoms in 37 cases of experimentally 
viduccd minor respiratory illness 


Frequency of symptoms in 
various groups* 


Symptom 

ARD 

(14 

cases) 

S-CC 

(13 

cases) 

CC 

(6 

cases) 

Br-AP 

(4 

cases) 

Consiitutional: Chilliness 

0 

0 

1 

0 

Feverishness 

1 

4 

3 

I 

Headache 

7 

S 1 

4 

1 

Malaise 

4 

3 

4 1 

1 

Anorexia 

3 

1 

0 1 

0 

Weakness 

2 

3 

1 

0 

Local: Sneezing 

4 

8 

5 

1 

Nasal obstruction 

10 

11 

6 

2 

Nasal discharge 

8 

12 

! 6 

! 2 

Dry throat 

6 

: 8 

5 

0 

Sore throat 

' 10 

7 

2 

3 

Hoarseness 

i 5 

8 

2 

2 

Cough 

1 6 

9 

3 

0 

Sputum 

5 

4 

1 

0 

Chest pain 

3 

4 

2 

0 


*See Table I and text for explanation of code desig- 
nations. 


PER CENT FREOUENCY 

OF NASAL AND ThRDAT SYMPTOMS BY DAY OF DISEASE 
lit Inoeulstlon 



Fig. 6. Daily Frequency and Time of Appearance 
OF Nasal and Throat Symptoms in Minor Respira- 
tory Diseases Experimentally Induced by ARD and 
S-CC Inocula 
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frequency, in the S-CC group than in the ARD 
group. These findings substantiated clinical im- 
pressions gained at the time the patients were ill. 
Throat symptoms (dry and sore throat), on the 
other hand, appeared in each group at approxi- 
mately the same time and were present in the 
same daily frequency during the course of disease. 
The CC and Br-AP groups are omitted from con- 
sideration because of the small number of cases. 

The number of nasal symptoms (sneezing, ob- 
struction and discharge) observed during the first 
48 hours also showed differences among the 
groups (Table IV). The presence of 2, or of all 
3 nasal symptoms was encountered more often in 
those men in the S-CC and CC groups. Con- 
versely, multiple nasal symptoms were experienced 
infrequently by those in the ARD group. 


TABLE IV 

Total number of nasal symptoms present within 48 hours 
after onset in various diagnostic groups 


Number of nasal 
symptoms* 

Groupt 

ARD 

1 S-CC ' 

CC 

None 

4 

1 3 

' 0 

One 

7 

3 

0 

Two 

3 

, 1 


Three 

0 

1 6 

! 4 

Total cases 

14 

i '' 

1 ^ 


* Sneezing, obstruction and discharge, 
t See Table I and text for explanation of code desig- 
nations. 


The duration of throat complaints and nasal 
symptoms was approximately the same in the x-ari- 
ous groups. Obstruction and discharge tended to 
persist somewhat longer in the S-CC and CC 
groups. 

The relation of nasal symptoms to nasal signs 
and throat symptoms to signs during the first 2 
days of illness is shown in Table V. In general, 
better correlation was found between nasal symp- 
toms and signs in groups S-CC and CC, in which 
corx'za was a prominent feature, than occurred 
in group ARD. Conversely, more correlation was 
found between throat symptoms and signs in the 
ARD group, in which sore throat was a character- 
istic feature, than was shown in the oth.cr groups. 

Phystcc! signs. Tlic total frequency of physical 
signs at any time during illness is shov.-n in Table 
VI. It is apparent that nasal signs vTre frequent 


TABLE v 

The relation of nasal symptoms and. signs and throat 
symptoms and signs during first 48 hours of 
illness in various diagnostic groups 



Symptoms* 

physical signs 

ARD5 

s-cc§ 

cej 

1 

1 

Preseatl 

1 

Absent I 

! 

Present 

Absent 

Present 

Absent 


Nasal s>'mptoms 


Nasal signs\ 
Present 

2 

2 

5 

2 

4 

2 

.Absent 

8 

2 

5 

1 

0 

0 


Throat sj-mptoms 


Throat stgnsX 
Present 

7 

I 

1 

0 

0 

0 

Absent 

4 

2 

8 

4 

4 

2 


* SjTnptoms: Nasal = Sneezing, obstruction or dis- 
charge. Throat = Dryness or soreness. 

t Nasal signs = Injection, obstruction or discharge, 
t Throat signs = Injection of a soft palate, injection of 
pharynx or lymphoid hyperplasia of pharynx. 

§ &e Table I and tc-xt for e.xplanation of code desig- 
nations. 

and that signs referable to the throat were mini- 
mal. The percentage frequencj' of nasal and tliroat 
signs of any degree by day of disease is shown in 
Figure 7 for groups ARD and 5-CC. The other 
2 groups are omitted from this analysis because 
of the small number of cases. Differences between 
the 2 groups were most marked in the case of 
nasal obstruction and discharge. 

TABLE \T 


Total frequency of physical signs in 37 cases of experimentally 
induced minor respiratory illness 



Finurr.ri' cf 
in vario'.: 

I 

AP.D 1 S-CC 
(M 1 (IJ 

ca—! j CX'Ci ; 

*. cTours* 

CC Br-AP 

I ft 

ca*— r' ' rii-x' 

Nasal: Injection 

s 

6 

I 

o 

Obstruction 

K 

10 

> 

2 

Disch.nrge 

30 

11 

6 

1 

Soft pslate: Injection 

A 

1 

0 

0 

Pharynx: Iniection 

5 


5 

1 

L\-rr.pho:d h'.7>erp'.’ 'b 



2 

2 

Exudate 

0 

0 

0 

Ft 

Crevica! Irmi's nodes: Enlarged 

n 

0 

r, 

fi 


c 

> 


1 

• S-e T.aMe I and text P,- exp 

‘ r. r T » f 



r-'-. 


n.-sd'y-.';. 



FER CENT OF CASES 


968 


THE COMMISSION ON ACUTE RESPIRATORY DISEASES 


PER CENT FREQUENCY OF NASAL AND THROAT SIGNS 
OY DAY OF DISEASE 
l$t Inoculoiton 



Fig. 7. Daily Frequency and Time of Appearance 
OF Nasal and Throat Signs in Minor Respira- 
tory Diseases Experimentally Induced by ARD and 
S-CC Inocula 

Fever. Fever was not a conspicuous clinical 
feature of illness in the majority of the volunteers 
(Table VII). Only 2 individuals, both of whom 
received S-CC inoculum, developed temperatures 
of 100° F. or more. Maximum temperatures in 
the other groups did not exceed 99.8° F. The 
median febrile curves were essentially normal in 
the ARD and S-CC groups. Slightly higher tem- 

table vii 


Febrile response in 37 cases of experimentally 
induced minor respiratory illness 


Group 

Total 

cases 

with 

illness* 

Num 

No fever 
99° F. 

ber of cases 

Fever 

99.2-99.8° 

with 

Fever 
100° F.-f 

Maximum 
fever 
at any 
time 
(degrees 
F-) 

ARD 

14 

5 

7 

0 

99.8 

S-CC 

13 

3 

7 

2 

100.2 

CC 

6 

4 

1 

0 

99.4- 

Br-AP 

4 

1 

3 

0 

99.8 


* 4 cases (2 in the ARD, 1 in the S-CC group and 1 in 
the CC group), showing intermittent low grade fever 
(99 to 99.4° F.) before and after inoculation, are omitted 
from analysis. In each case the temperature curve was 
not altered as a result of inoculation. 


TABLE vm 

Average total tcuhocyte count in 57 volunteers in relation to 
inoculation ajid in 31 patients with illness 
in relation to onset 


Tyje V 
inoculum* 

Number 

Inocu- 

lated 

I 

1 

Leukocj’te count j 
(thousands) 

Number 

with 

illness 

I-cukocyte count 
(thousands) 

Before | 
Inocu- 1 
lation 

1 

After 

Inocu- 

lation 

Before 

onset 

After 

onset 

Autogenous 

9 

7.3 

7.1 

0 



.ARD 

14 

7.6 

6.7 

12 

7.6 

6.5 

S-CC 

14 

7.7 

7.0 

9 

7.6 

7.3 

CC 

10 

7.0 

7.5 

6 

6.9 

7.4 

Br-AP 

10 

8.0 

7.6 

4 

8.7 

8.0 

1 


* See Table I and text for explanation of code desig- 
nations. 


peratures, however, were found in the ARD group 
from the 5th to the Sth days, and in the S-CC 
group on the 2nd day. These periods corresponded 
with the time when symptoms were present in the 
two groups of cases. 

LABORATORY STUDIES 

Hematology. Tabulation of the average total 
leukocyte count was made in each of tlie experi- 
mental groups according to inoculation and. in re- 
lation to onset. A total of 381 individual leuko- 
cyte counts was made during the first study. As 
shown in Table VIII, the leukocyte counts in 3 
of the 4 groups (ARD, S-CC and Br-AP) and 
in the control group fell to a slight extent; the 
average count in the remaining group (CC) in- 
creased. Similar differences were shown when 
the analyses were restricted to patients with illness. 
All of the average counts, however, were normal 
and within the limits of technical variation. Indi- 
vidual instances of leukocytosis or leukopenia were 
not encountered. 

The relative percentage of polymorphonuclear 
neutrophils, lymphocytes, eosinophils and mono- 
cytes showed no significant change in any group 
either as a result of inoculation or after the de- 
velopment of illness. 

The corrected erythrocyte sedimentation rate 
was normal (0.2 to 0.4) in every subject both be- 
fore as well as after inoculation. 

Serology. A diagnostic increase in titer (4-fold 
or greater) of cold hemagglutinins was not en- 
countered following inoculation in any of the 
subjects. Similarly, no increase in titer of hetero- 



EXPERIMENTAL. TRANSMISSION OF RESPIRATORY ILLNESS. I 


969 


phile antibodies, or of antibodies against strepto- 
lysin “O” and influenza viruses A and B was 
sho^vn in representative samples of serum. 

Bacteriology. The results of bacteriological 
study of the throat flora, performed at 2-day inter- 
vals, were analyzed for the purpose of detecting 
any change in flora for any given organism in re- 
lation to time of inoculation or resultant illness. 
The organisms which formed the basis of the 
analysis were the J5efa-hemolytic streptococcus, 
pneumococcus, H. influenzae and H. hemolylicus. 

During the period of May 18 to 31, 37 individu- 
als comprising the control, ARD, and S-CC 
groups were in quarantine prior to inoculation. 
After May 31, when the control group received 
autogenous filtrates the other 2 groups were 
observed continuously and on June 8 and 11, re- 
spectively, they received initial inoculations. Thus, 
the interval. May 18 to 31, provided a suitable pe- 
riod in which the bacteriological results could be 
compared within each of the groups. The interval, 
June 2 to 8, was a period in which the bacterio- 
logical findings in the inoculated control group 
could be contrasted with those in the ARD group ; 


similarly, comparisons were permitted between 
the control and S-CC groups during the period, 
June 2 to 10. The results are given in Table IX. 
Marked fluctuations occurred in the frequency with 
which each of the 4 organisms was isolated dur- 
ing the period of quarantine. May 18 to 31, No 
significant change in throat flora was observed in 
the control group as a result of having received 
autogenous filtrate. 

The effect of inoculation on the phaiyngeal flora 
of the ARD and S-CC groups is compared in 
Table X. The analysis was restricted to those in- 
dividuals who experienced illness, and the results 
are contrasted with those obtained in the control 
group, the members of which had experienced no 
illness. It is apparent that before inoculation there 
was wide fluctuation in the percentage of indi- 
viduals from whom any one of the organisms was 
isolated. Similar variations were evident after in- 
oculation. Comparison of the results in the ARD 
and S-CC groups after inoculation with those of 
the control group showed slight differences; for 
example, in the case of the pneumococcus. How- 
ever, these differences were of no greater order of 


TABLE IX 

Baekriologtcal results in all individuals during period of quarantine and after inoculation of control group* 


Per cent of indmduafs harboring specified organism? 


Date 

B. H. S.t 

Pneumococcus 

n, inf.uenzje 



Control 

ARD 

s-cct 

Control 

ARD 

S-CC . 

Control 

ARD 

S-CC 

Control 

ARD 

s-cc 

s /18 

22 


8 

11 

27 

25 

22 

18 

0 

44 

27 

42 

19 

22 


25 

33 

8 

25 

0 

27 

8 

22 

18 

25 

20 


0 

0 

33 

43 

33 

0 

14 

0 

0 

7 

0 

21 

25 

7 

25 

45 

36 

25 

12 

36 

58 

50 

21 

25 

23 

11 

21 

33 

33 

36 

8 

11 

38 

33 

67 

0 

42 

25 

11 

14 

21 

33 

43 

50 

22 

23 

29 


36 

2S 

27 

11 

31 

7 

67 

57 

43 

0 

8 

29 


54 

50 

29 

11 

23 

7 

62 

57 

29 

22 

38 

57 


43 

57 

31 

11 

27 

23 

56 

71 

57 

11 

27 

46 

H 

20 

Si 


Inoculation of control group with autogenous filtrate (5/31)5 


6/2 

25 

17 

S 

45 

71 


■9 

17 

33 

75 41 1 67 

4 

12 

15 

15 

S3 

SO 

■s 

12 

31 

23 

162 , 62 1 62 

6 

22 

7 

7 

67 

SO 


0 


14 

1/ 2- i 14 

s 

22 

21 

21 

45 

56 


0 


21 

44 ! T 1 2'-. 

10 

11 


15 

45 




■ 

31 

67 i 1 51 


Figures represent sp-cifierl pcrccnt.-igc of indivi-Jaah in any partiralir group 
presence of i3ri:-hcmo!ytic r'jrcp'.CKrKCu^ , It. ir''ur’:zs' 
tiloxi ac.ar pl.ntcf. Only the rr<ults of i<o!.-ition of pncumc<nyx5 bv inr«c".;'..a'.:-? 

t n. H. S. ■= Bf.'j-hcmolytic rtrcptococcu*. 

♦ Control group ^ 9 individuals; ARD group 1A-, S-CC rrn-in 14- •r- x 
code dc'tpr..at;on5. 

{ Figures in italics indicate results in incculated group. 


3r.-;ng the p: 
H. k'-r-'.ilz: 


I and text 
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TADLE X 

Bacteriological results in those individuals developing illnesses, before and after inoculation with the ARD and 

S~CC filtrates, and in the control group* 


Per cent of Individuals liarborlne specified orcanisms 


Date 

B. H. S.* 

Pneumococcus j 

77. influenzae 

IJ. heir.olylicus 

Control 

ARD 

S-CCt 

Control 

ARD 

S-CC 

Control 

ARD 

S-CC 

Control 

ARD 

S-CC 

5/18 


10 

12 

1 

30 

25 





30 

25 

19 


11 

38 


10 

12 1 





22 

0 

20 


0 

0 


42 1 

38 


99 


1 

8 

0 

21 

i 

8 

38 


42 

12 


42 

50 


25 

12 

23 

1 

17 

38 


33 

0 


46 

37 


0 1 

37 

25 


8 

33 


42 

33 


27 

33 


33 

33 

27 


27 

11 


50 

33 

I 

10 

33 


55 

45 

29 


17 

11 


50 

11 


46 

56 


33 

56 

31 


33 

25 


58 

56 


33 

62 


67 

! 50 

6/2 


20 

12 


67 

50 


20 

37 

1 

40 

! 62 

4 


18 

22 


42 

45 

j 

36 

11 


73 

56 

6 


8 

11 


42 

33 

i 

33 

11 


25 

11 

8 

22 

17 

33 

45 

33 

45 

0 

8 

1 0 

44 

8 

33 


Inoculation of ARD group (6/8)' 


10 

11 

0 

33 

45 

25 

56 

22 

36 

22 

67 

18 

33 

Inoculation of S-CC group (6/11) 

12 

33 

8 

33 

22 

36 

67 

n 



— 


11 

14 

22 

25 

22 

45 

58 

67 





^^9 

45 

16 

22 

25 

57 

38 

42 

45 




56 


43 

18 

22 

10 

11 

56 

33 

45 

11 

40 

33 

56 

30 

33 

20 

22 

17 

33 

56 

42 

56 

22 

33 

44 

67 

25 

56 

22 

12 

17 

33 

56 

25 

56 

0 

58 

56 

62 

50 

45 

24 

14 

18 

11 

22 

67 

56 

14 

36 

22 

57 

46 

67 

26 

0 

0 

12 

56 

50 

78 

17 

50 

12 

' 50 

25 

75 

28 

0 

9 

11 

1 

89 

50 

67 

11 

18 

11 

11 

9 

33 


* For explanation of figures and abbreviations, see Legend, Table IX. 
t Control group = 9 individuals; ARD group = 12; S-CC group = 9. 


magnitude than were present during the control 
period. 

DISCUSSION 

The initial phase of this study was an attempt 
to demonstrate the transmission of “minor respira- 
tory illnesses” (MRI) to human volunteers by the 
inoculation of filtered respiratory secretions ob- 
tained from 4 donor subjects whose illnesses ap- 
peared to differ in their clinical characteristics. 
Minor respiratory illnesses were induced by the 
inocula from all 4 of the donors and presumptive 
evidence was obtained for the existence of sepa- 
rate etiological “entities.” Only 2 types of illness, 
however, could be distinguished. The first type, 
induced by tlie “acute respirator}’^ disease” (ARD) 
filtrate, was characterized by prominence of pha- 
ryiigeal involvement and an incubation period of 5 


to 6 days. The second type, induced by both the 
“common cold” (CC) and “severe common cold” 
(S-CC) filtrates, was chai'acterized chiefly by 
coryza and an incubation period of 24 to 48 hours. 
The illnesses induced by the inoculum from the 
fourth donor, whose infection was termed “bron- 
chitis resembling atypical pneumonia” (Br-AP), 
were too few in number and variable in character 
to permit classification. The etiology and clinical 
nature of these induced minor respiratory illnesses 
will be discussed briefly in this paper. In the fol- 
lowing paper, which presents the second phase of 
the study, the differentiation of these entities on 
an immunological basis will be considered and the 
relationship of the illnesses to primary atypical 
pneumonia Avill be discussed. 

Consideration of the results of the initial experi- 
ments in terms of etiology led to the tentative con- 
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elusions that the illnesses induced in the volunteers 
were the direct results of inoculation of the vari- 
ous filtrates and were due to uncharacterized fil- 
trahle agents, presumably viruses, therein. Several 
types of data supported such conclusions: (7) 
Two distinct periods of “incubation” existed be- 
Uveen the time of inoculation of 3 of the fil- 
trates (ARD, S-CC and CC) and the onset of 
symptoms in the recipients. (2) Symptoms of re- 
spiratory disease did not follow the inoculation of 
a control group of 9 men with autogenous filtrates, 
thus excluding mechanical irritation and the ex- 
citation of latent agents as an explanation of the 
results. (3) There were no consistent alterations 
in the bacterial flora of the throat at any time, be- 
fore or after inoculation, in the individuals of 
any group either with or without illness. The 
development of streptococcal antistreptolysins 
was not demonstrable in convalescent phase sera. 
(4) Serological tests excluded the influenza \'i- 
ruses A and B as causative agents. The rec- 
ognized clinical variabilit}’’ of influenza and its 
experimental incubation period of 6 to 48 hours 
(27 to 30) made these tests necessary. Hetero- 
phile agglutinins could not be demonstrated. Fi- 
nally, (5) the results of these experiments differed 
in 2 respects from those in which primary at 3 *pical 
pneumonia was transmitted (IS), namely, (a) 
pulmonarj' infiltration was not demonstrable roent- 
genographically in any patient and (6) the incuba- 
tion periods were shorter. On these bases, there- 
fore, it seemed reasonable to consider the 2 types 
of illness induced in the volunteers as separate and 
distinct wrus diseases. 

The nature of the infections resulting from the 
administration of S-CC and CC inocula suggested 
that a virus similar to, if not identical with, that 
of tlie “common cold” wrus was operative. Pre- 
vious transmission experiments in volunteers (31 
to 35) and apes (33, 36. 37) have demonstrated a 
coiyza-like illness of short incubation period (S to 
70 hours) following the inoculation of filtered 
respirator}- tract washings obtained from individ- 
uals with the “common cold.” The data obtained 
in the present stud\- confirm and extend these ob- 
servations. 

Tire evidence derived from the administration 
of ARD inoculum suggested th.al this filtrate con- 
tained an agent which was distir.ct from th.at of the 
■ cemmon cold” virus. Th.e sb.arp diiTcrc.ncc in in- 


cubation period and, clinically, the paucity of nasal 
s}Tnptoms and the prominence of throat symptoms 
early in the course of disease, were the chief differ- 
ential features. While such results have not been 
noted in previous transmission experiments (33, 
34), it is of interest that a clinical and epidemio- 
logical stud}"^ of acute minor respiratory diseases 
by Van Volkenburgh and Frost (8) suggested a 
“real difference” between cases of “sore throat” 
and those of “coryza” and “cough,” which rvas 
“in accordance wdth the prevailing view that a 
considerable proportion of the cases of sore throat 
ordinarily encountered are not related to the com- 
mon cold.” 

The small number of infections with variable in- 
cubation periods resulting from the inoculation 
of Br-AP filtrate permitted no conclusions re- 
garding the nature of the agent present in this in- 
oculum. It was anticipated that this group of 
volunteers would develop moderately severe re- 
spiratory illnesses with a long incubation period 
(approximately 2 weeks), since the donor of the 
inoculum had a more severe form of respirator}' 
disease which resembled primar}' atypical pneu- 
monia. None of the recipients, however, developed 
an infection of comparable degree. 

A feature of considerable interest in this study 
was the mild nature of the illnesses which followed 
the several t}pes of inoculum. Objective signs of 
illness, such as fever, or constitutional symptoms 
were not uniformly observed in patients of the 
ARD, S-CC and Br-AP groups, as had been noted 
in the donors. 

The explanation for the mildness of the illness 
is unkmown. It seems possible that a combination 
of circumstances was responsible. On the basis 
of a history of prewous respirator}' disease, these 
individuals had apparently been susceptible to re- 
spiratory infections in their ordinary walks of life 
and presumably were susceptible at tire time of 
inoculation. Several factors, l:o-.vcvcr, m.ay have 
been operative to increase tb.eir resistance. Al- 
though the men were isolated and restricted in ac- 
tivity, the living conditions were those gcr-.erally 
considered to be favorable for good health., namely, 
adequate rest, good nutrition, ab'cnce of p'l-. :ica! 
fatigue and over-exertion, etc. The invertiratian^ 
were purposely conducted during tl-.e *::rr.:r.*r 
months when respiratory ir.fectiT.s in the ge.-.era* 
t'^P'alaticn arc u'-.:a;lv in:rem.;er.t and v.r.carr.:‘i- 
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cated. The environmental temperature was rela- 
tively constant, so that the potentially adverse ef- 
fects of dermal chilling (38, 39) and of meteoro- 
logical changes (40, 41) were avoided. The fac- 
tor of dosage may have been of importance, but 
cannot be evaluated. Thus the possibility exists 
that some of the illnesses would have been more 
severe had the conditions of the study permitted 
more variation in the environmental and host fac- 
tors. 

SUMMARY 

Minor respiratory illnesses were transmitted to 
human volunteers by the use of bacteria-free fil- 
trates of pooled nasal and phar 3 mgeal washings ob- 
tained from 4 single donors. Two of the donors 
had experienced coryza-like illnesses (S-CC and 
CC), 1 had had an infection with sore throat as 
a principal symptom (ARD), and the fourth suf- 
fered from a more severe form of illness (Br-AP) 
which clinically resembled primary atypical pneu- 
monia. As a control group, 9 single donors were 
inoculated with autogenous filtered washings. 

Two types of illness were induced; one was a 
coryzal-like infection developing after an interval 
of 24 to 48 hours and the other, an infection charac- 
terized by prominence of sore throat, minimal nasal 
symptoms and an incubation period of 5 to 6 days. 
These illnesses were clinically distinguishable. The 
control group which received autogenous filtrates 
experienced no illnesses. Primary atypical pneu- 
monia did not develop in any of the subjects. 

The results of these experiments indicate that 
at least 2 filtrable agents, presumably viruses, 
may induce minor respiratory illness in man, 
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INTRODUCTION 

In the previous paper (1) it was shown that 
minor respiratory illnesses were induced in volun- 
teers by means of bacteria-free filtrates obtained 
from representative cases of acute respiratory dis- 
ease. Two distinct types of minor respiratory ill- 
ness resulted; one, a coryza-like infection with a 
short incubation period of 1 to 2 days (filtrates 
S-CC and CC) ; the other, an infection developing 
after 5 to 6 days and characterized by prominence 
of sore throat and minimal nasal symptoms (fiL 
trate ARD). A control group of volunteers given 
autogenous filtrates remained well. None of the 
subjects developed primary atypical pneumonia 
following the inoculation of any of these filtrates. 

The present paper reports the results of reinocu- 


iThis investigation was supported through the Com- 
mission on Acute Respiratory Diseases, Board for the 
Investigation and Control of Influenza and Other Epi- 
demic Diseases in the Army, Preventive Medicine Serv- 
ice, Office of the Surgeon General, United States Army, 
and by grants from the Commonwealth Fund, the W. K. 
Kellogg Foundation, the John and Mary R. Markle Foun- 
dation, and the International Health Division of the Rocke- 
feller Foundation, to the Board for the Investigation and 
Control of Influenza and Other Epidemic Diseases, for 
the Commission on Acute Respiratory Diseases. 

- Members and professional associates of the Commis- 
sion on Acute Respiratory Diseases were: John H. Dingle, 
Lt. Col., M.C., A.U.S., Director ; Theodore J. Abernethy, 
Lt. Col., M.C., A.U.S. : George F. Badger, Major, M.C., 
A.U.S.; Joseph W. Beard, M.D.; Norman L. Cressy, 
Major, M.C., A.U.S. ; A. E. Feller, M.D.; Irving Gordon, 
M.D. ; Alexander D. Langmuir, Major, M.C., A.U.S.; 
Charles H. Rammelkamp, Jr., M.D. ; Elias Strauss, Ma- 
jor, M.C., A.U.S. 

® Now located in the Department of Preventive Medi- 
cine, School of Medicine, Western Reserve University, 
Qeveland, Ohio. 


lation of some of the subjects with agents from the 
2 types of minor respiratory illness and from 
primary atypical pneumonia. These investigations 
were undertaken in order to determine whether or 
not immunity followed inoculation with the agents. 
It was found that homologous immunity was pres- 
ent in individuals who had experienced the “sore 
throat," long-incubation-period disease (filtrate 
ARD) ; little or no immunity was demonstrated in 
those who had had coryza-like illness of short in- 
cubation (filtrate S-CC). Cross immunity with 
either filtrate was not found. Primary atypical 
pneumonia was induced subsequently in these vol- 
unteers who had had prior exposure to ARD and 
S-CC filtrates. 

MATERIALS AND METHODS 

Subjects. The volunteer group consisted of 41 healthy 
adult white males. Of this number, 16 had participated 
in the previous study; the remaining 25 were replace- 
ments. 

Isolation procedures. Isolation was continued without 
interruption in the group of 16 men who remained for 
the second half of the study. Isolation precautions for 
the group of incoming men were instituted as soon as 
practicable after arrival. Partitions in the hallways on 
the third floor of the hotel separated 20 of the “new” 
volunteers into 2 groups of 10 men each. Similar 
partitions on the second floor divided the remaining 21 
into groups of 11 and 10 men, respectively. One of these 
groups consisted of 6 men previously inoculated and 5 
replacements; the other consisted of 10 men who had 
had previous inoculations. 

Inocula. The inocula consisted of the same bacteria- 
free filtrates ARD, S-CC and CC which were utilized in 
the first half of the study. In addition, a filtrate of re- 
spiratory secretions from a patient with primary atypical 
pneumonia was employed. The illness in this donor 
began on May 9, 1945, and was characteristic of a mod- 
erately severe infection. Constitutional symptoms, pro- 
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TABLE I 

Titers of cold hemagglutinins in sera from donor of 
atypical pneumonia filtrate 


Day of 
illness 

! Final dilution of serum 

1 

S 

16 

32 

64 

2 

2 * 


0 

0 

9 

4 

1 

1 

0 

15 

2 

1 

0 

0 

0 


* 0 = no visible agglutination. 

± = doubtful agglutination. 

1 to 4 = increasing degrees of agglutination. 


ductive cough and substemal pain were prominent features. 
Pulmonary infiltration was present in the left and right 
lower lobes. The febrile course lasted 6 days. There was 
a slight rise and subsequent fall in the titer of cold 
hemagglutinins in 3' specimens of sera, e.xamined si- 
multaneously (Table 1). Specimens of sputum and pha- 
ryngeal washings were collected during the febrile pe- 
riod, pooled, and a filtrate prepared. Aerobic and anaero- 
bic cultures of filtrate were sterile. 

Plan oj study. Four experiments were performed over 
the course of approximately 7 weeks. Experiment I con- 
sisted of the reinoculation of 16 men who had participated 


in the previous study; 11 men were challenged with ARD 
or S-CC filtrate and 5 men, formerly inoculated with 
autogenous washings (Controls), were given filtrate 
S-CC. Experiment II consisted of the reinoculation of 
the above 11 men v.dth heterologous filtrates, ARD and 
S-CC, respectively, and the inoculation of a control group 
of 5 “new” volunteers with filtrate ARD. Finally, the 21 
men above were given filtrate obtained from a patient 
with primary atj-pical pneumonia (Experiment III). Ad- 
ditional studies were made in 2 groups of 10 men each 
who had formerly received filtrates CC and Br-AP (Ex- 
periment IV). These men were inoculated with coryza fil- 
trate CC in order to test homologous immunity in one 
and heterologous immunity in the other. 

Inoculation procedure. The technique of inoculation and 
the type of inoculation in general were the same as those 
employed in the first half of the study. When adequate 
amounts of filtrate were available the total inoculum was 
10 ml.; this was given to each man in 3 equal doses 
on a single day. A reduction in total dosage to 6.6 ml. was 
necessary with one filtrate (ARD) and to 5.0 ml. in the 
case of another (S-CC). These were administered in 2 
equal doses on a single day. 

Clinical and laboratory studies. Each of the men was 
observed daily for the development of sjTnptoms and signs 
of respiratory disease. The procedures employed have 
been described (1). 


RESULTS OF INOCULATION 
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RESULTS 

The effect oj inoculation of homologous filtrate 
(Experiment I) 

Approximately 3 weeks after initial inocula- 
tion with filtrates ARD and S-CC, 2 groups to- 
taling 11 men, were challenged with homologous 
filtrates (Figure 1). Five of the 6 men originally 
exposed to ARD filtrate had experienced illnesses 
beginning 5 or 6 days after inoculation ; 4 of 5 men 
given S-CC inoculum had developed characteristic 
coryzal illnesses after 1 to 2 days. At the same 
time a control group of 5 men, who had been in- 
oculated 30 days previously with autogenous wash- 
ings and had remained well, was given filtrate 
S-CC. 

None of the 6 individuals receiving ARD fil- 
trate a second time developed symptoms or signs 
of respiratory illness during the course of 25 days. 
In contrast, 4 of 5 men inoculated with homologous 
S-CC filtrate developed illnesses. Similarly, 4 of 
5 men in the. control group receiving S-CC filtrate 
developed illnesses. 

The characteristics of the illnesses in these cases 
receiving S-CC filtrate were in general similar to 
those previously noted with this type of inoculum. 
Onset of symptoms occurred on the 1st or 2nd day 
in 7 of the 8 cases in both groups. Nasal symp- 
toms and signs were the most characteristic fea- 
tures of the illnesses. In general, however, those 
who had experienced previous illness as a result 
of S-CC filtrate suffered from a somewhat milder 
infection upon reinoculation. This was evidenced 
principally by the short duration of symptoms 
which averaged 3 to 4 days. 

. Comment. The results of this experiment indi- 
cated immunity to homologous filtrate in subjects 
developing the “sore throat,’’ long incubation pe- 
riod disease (ARD). Little or none was demon- 
strated in those experiencing coryza-like illnesses 
of short incubation (S-CC). The development 
of illness in the control group showed that filtrate 
S-CC, at least, was infectious in reduced dosage 
and still active after an additional month’s storage. 
That filtrate ARD was also infectious at this time 
was indicated by a subsequent experiment, to be 
described below, in which illnesses were induced 
in another group of subjects. 


The effect of inoculation oj heterologous filtrate 
(Experiment II) 

Twenty-five days after reinoculation of homolo- 
gous filtrates ARD and S-CC, these 11 men were 
given heterologous filtrates (Figure 1). Six men, 
having received 2 inoculations with ARD fil- 
trate, were given S-CC filtrate and 5 men, exposed 
twice to S-CC inoculum, were inoculated with 
ARD filtrate. A control group of 5 replacements 
also received ARD filtrate in order to test the 
activity of this material. The dosages employed 
were the same as in Experiment I ; namely, 6.6 ml. 
of ARD filtrate and 5.0 ml, of S-CC filtrate. 

As shown in Figure 1, 3 of 6 men given filtrate 
S-CC and 4 of 5 men inoculated with filtrate ARD 
developed respiratory illnesses. In the control 
group 2 of 5 men also became ill. 

The types of illness occurring in this experiment 
were in general the same as those noted previously. 
The 3 individuals with illness who had been given 
filtrate S-CC developed onsets of disease on the 
2nd and 3rd days after inoculation. Nasal symp- 
toms and signs were prominent in each case. Fe- 
ver, however, was not present. Those receiving 
filtrate ARD developed onsets as follows : 2nd day 
(1 case), 5th or 6th day (4 cases), 7th day (1 
case) . Symptoms and signs referable to the throat 
were characteristic. Three individuals displayed 
fever between the Sth and lOth days, varying be- 
tween 99° and 100.8° F. One subject whose symp- 
toms began on the 2nd day had fever beginning on 
the 4th day after inoculation. He was moderately 
ill over the course of 6 days, the maximum tempera- 
ture reaching 100.8° F. Constitutional symptoms,- 
sore throat, hoarseness, enlarged tender cervical 
lymph nodes and signs of pharyngeal inflammation 
were prominent features of illness. 

Comment. The results of this experiment indi- 
cated a lack of immunity in subjects given he- 
terologous filtrates ARD and S-CC. There was 
no indication that antecedent illness, brought about 
by one filtrate, modified the number or lessened 
the severity of illness which followed the adminis- 
tration of the heterologous material. Both types 
of infection, one with a short and the other -with 
a long incubation period, were again induced in 
subjects even though the inoculum was reduced 
in amount and all of the individuals had at some 
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time previously experienced recent respiratory 
illness. 

The effect of inoculation of filtrate from a case of 
primary atypical pneumonia {Experiment III) 

The 21 volunteers who had participated in Ex- 
periments I and 11 were finally inoculated rvith 
filtrate obtained from a single donor early in the 
course of primary atypical pneumonia. 

The experimental group was composed of the 
following: 6 men who had received filtrate ARD 
on 2 occasions and then filtrate S— CC ; 5 men given 
filtrate S-CC twice and then filtrate ARD ; and 2 
groups of 5 men, each of whom had received filtrate 
ARD or S-CC on one occasion. The interval be- 
tween the last inoculation was 16 or 17 days in 3 
of the groups, and 41 days in the case of 1 of the 
former control groups. The total inoculum ad- 
ministered to each of the 21 men was 10 ml. No 
additional volunteers were available to serve as a 
control of this inoculum. 

Three cases of atypical pneumonia and 1 of 
minor respiratory' illness were observ'ed (Figure 
1). The remainder of the group, 17 individuals, 
failed to show evidence of respiratory' infection. 
Two of the 3 cases of atypical pneumonia and the 
one instance of minor respiratory illness occurred 
in individuals who had e.xperienced recent illnesses 
as a result of inoculation of both filtrates, ARD and 
S-CC. The remaining case, an individual with 
atypical pneumonia, had had no infection as a re- 
sult of previous inoculation with filtrate ARD. 
No illnesses occurred in this experiment in any of 
tlie 5 men originally given autogenous washings 
and subsequently exposed to filtrate S-CC. 

The 3 individuals with pneumonia had ill- 
nesses characteristic not only of the naturally ac- 
quired infection (2), but also of the e.xperimcntally 
induced disease (3). Onset of symptoms oc- 
curred on the 13th, 14th, and ISth days after in- 
oculation, respectively. The illnesses %vcrc of 
mild severity; fever of 5 to 7 days’ duration rras 
present in each case. Tlic maximum temperature 
in 1 individual was 102.4° F. Unilateral in- 
filtration of one or the other lower lobes was ob- 
served in each case. No complications were noted ; 
none of these patients developed cold hemag- 
glutinins in their sera. 

Tire patient \rith minor respiratory illness first 
dewloped symptoms on the lOth d.ay a.uer inocula- 


tion. His illness began with sore throat and slight 
nasal discharge. On the 15th day, headache, mal- 
aise, cory'za, cough and substemal chest pain were 
noted. Physical examination revealed no signifi- 
cant abnormalities. Pulmonary infiltration was 
not detected. Significant fever was not present. 
The duration of symptoms was 9 days. The pa- 
tient described this illness as a “chest cold” in con- 
trast to the “head cold” he had experienced follow- 
ing the last inoculation (filtrate S-CC). 

Comment. The results of this experiment dem- 
onstrate that previous minor respiratory illness 
did not give immunity to primary aty'pical pneu- 
monia. 

These results confirm previous observations that 
primary atypical pneumonia may he induced in 
volunteers by means of bacteria-free filtrates (3 ) . 
In addition, they demonstrate that transmission of 
the disease may be accomplished with a filtrate ob- 
tained from a single donor as well as with the 
pooled filtrates from several donors. In previous 
studies, however, it was noted that approximately 
half of the volunteers developed minor illnesses 
after inoculation with pooled atypical pneumonia 
filtrate. Only I such illness" developed in this 
experiment. 

Additional studies on homologous and bctcroJogous 
immunity {Experiment IV) 

For further studies on the effect of rcinocula- 
tion of CC filtrate, 20 additional volunteers were 
available. One group of 10 men had been inocu- 
lated with “coryza” filtrate CC; the other group 
of similar size had received filtrate Br-AP from a 
patient with respiratory disease termed “bronchitis 
resembling atypical pneumona” (2). The results 
of inoculation in the former group had shov.-n 6 
coryza-like illnesses with an incubation period of 
I to 4 days. Following the latter inoculation 4 ill- 
nesses of ill-defined nature bad developed. 

Approximately 3 wceJ;s later l>oth groups '.verc 
rcinoculaled with 10 ml. of "coryza" filtrate CC. 
Thus, bomolopous immunity in one prnup .and 
lietcrologous im.niunsty in the other, were tested. 
Tijc results arc sl'.o'.vr. in Figure 2. 

Fo'ur minor respiratory ii'r.erser clevelrr'ed in 
men given the hetcro'epous rrzterial and 3 ;r, 
who were ch.a'V.''.gc':: w-hh. ti.e fame f'.trzte ^CC). 
Onset o: s-.-mpimr.' in the'e 7 c-a*'" r^rearrrd <-r. 
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RESULTS OF INOCULATION OF HOMOLOGOUS AND 
HETEROLOGOUS FILTRATES 

(EXPERIMENT 4) 

ISOLATION INSTITUTED 


DAYS 

FILTRATE Br-AP 



2E DAYS 


16 DAYS,,^^^ 

FILTRATE CC 

®@®©©©oooo 

FIRST INOCULATION I 

21 DAYS 


FILTRATE CC 

©ooooo ®©oooo®ooo 

REINOCULATION 


© MINOR ILLNESS ^ MINOR ILLNESS r \ , .,^00 
(Br-AP FILTRATE) W (CC FILTRATE) W ^0 ILLNESS 

Fig. 2. The Results of Reinoculation, with “Common Cold" Filtrate (CC), of 
2 Groups Previously Exposed either to the Homologous Filtrate (CC) ou to 
Heterologus Filtrate from a Case Termed “Bronchitis Resembling Atypical Pneu- 
monia” (Br-AP) 


the 1st and 2nd day in 5 cases and on the 9th day in 
2 cases. Nasal symptoms and signs of variable in- 
tensity were found in all but 1 case. Cough was 
noted by 3 patients. Other symptoms noted in- 
frequently were headache, malaise, sore throat 
and chest pain. The illnesses were afebrile and of 
2 to 5 days’ duration. 

Comment. These results confirm the findings 
in Experiments I and II to a limited extent. Em- 
ploying 1 type of “coryza” filtrate CC, subjects 
challenged with the same filtrate again developed 
characteristic illnesses. Other subjects previously 
inoculated with filtrate Br-AP developed illnesses 
when exposed to heterologous filtrate CC. Thus, 
little or no evidence of cross immunity was demon- 
strated. The explanation for the delayed incuba- 
tion period of 9 days in 2 cases was not apparent. 

Laboratory studies. Examination of the throat 
flora at 2-day intervals in all subjects failed to 
show any significant change as result of inoculation 
in the frequency of the pneumococcus. Beta-hemo- 
lytic streptococci. Staphylococcus aureus. He- 
mophilus influenzae, H. heinolyticus, Klebsiella 
pneumoniae and gram-negative cocci. Further- 
more, the distribution of specific types of pneu- 
mococci and of 5(?/a-hemol3i;ic streptococci in vol- 
unteers, attendants and professional staff revealed 


no evidence of spread during the course of these 
experiments. 

The total and differential leucocyte counts were 
within normal limits in all volunteers. No con- 
sistent alterations were evident in either type of ex- 
amination as a result of any of the various types of 
inoculations. Similarly, the corrected erythrocyte 
sedimentation rates were normal in all subjects. 

A rise in titer of cold hemagglutinins (4-fold 
increment) was found in the serum of but 1 in- 
dividual (Table II). ~Tltis volunteer, during the 
pre-inoculation control period, showed a cold he- 
magglutinin titer of 16. Following the administra- 
tion of autogenous washings and of filtrate S-CC 


table II 

Results of cold hemagglutinin tests* 


Experi- 

Number of 

Rise in cold hemagglutinin titer 

ment 

tions 

1 

4-foId 

<4-fold 

No rise 

I 

16 

0 

1 

15 

II 

16 

0 

1 

15 

III 

21 

1 

3 

17 

IV 

20 

0 

1 

19 


* Based on weekly samples of serum obtained through- 
out the period of observation. Titer of the last serum 
specimen before each inoculation was considered the pre- 
inoculation titer. 
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the maximum titer on repeated occasions "was 8. 
A titer of 32 was noted in the serum 14 days after 
inoculation of atypical pneumonia filtrate. He 
experienced no illness with the latter filtrate. 

Appropriate sera from each individual were 
tested for antibodies against influenza viruses A 
and B and also streptolysin “O.” In no instance 
was a diagnostic increase in titer observed. 

DISCUSSION 

The studies in human volunteers presented in 
this report and in the preceding paper (1) con- 
stituted an attempt to segregate “entities” in the 
group of unclassified respiratory diseases and to 
define more clearly the relation between minor 
respiratory illness and primary at 3 'pical pneu- 
monia. These objectives were partial!}' achieved. 
Two types of minor respiratory illness were in- 
duced which appeared to be distinct entities having 
no demonstrable immunological relationship. The 
inocula giving these 2 types of minor illness did 
not induce primary atypical pneumonia, nor did 
they prevent the subsequent development of pri- 
mary atypical pneumonia. It would thus appear 
that 3 separate entities have been dealt with 
in these experiments. Limitations of the data, 
however, prohibit the conclusion that the agent of 
primaty at}'pical pneumonia is not associated with 
minor respirator}’ illness. The results will be con- 
sidered further under the following headings: 

, Minor respirator}’ illness induced by the ARD 
filtrate, minor respirator}’ illness induced by the 
CC filtrate, and the relation of minor respirator}- 
illness and primar}’ atypical pneumonia. 

Minor respiratory illness induced by the ARD 
filtrate. Elinor respirator}- illness, diaractcrized 
predominantly by sore throat and an incubation pe- 
riod of from 5 to 6 days, was induced with the 
.•\RD filtrate. The inoculation of the same filtrate 
21 days later demonstrated an apparently solid im- 
munity. This conclusion appears to be valid since 
the challenge filtrate produced illness in a control 
group of “new” men inoculated at a later date; and 
because there seems to be no reason to assume the 
existence of a refractor}- state, such as that ob- 
ser\-cd in the ferret by Stuart-Harris and Francis 
f-), or tile ojieration of the interference rhe- 
nomenon (5). Morco’.-cr. tb.esc subjects ’.vcrc sus- 


ceptible to S-CC filtrate 25 days after they had 
been challenged with the ARD filtrate (46 days 
after their initial inoculation). 

The minor respiratory illnesses induced by the 
ARD filtrate, after an incubation of 5 to 6 days, 
appear to constitute a new entity w-hich has not 
been described pre’riously in transmission experi- 
ments. It seems possible that this entity, despite 
its mild nature in the recipients (1), is the same 
as that observed in recruits and termed “undiffer- 
entiated acute respiratory disease” (ARD). Qin- 
ical studies of these illnesses in recruits have shown 
them to be primarily noncor}-zal respiratory in- 
fections (6) . The illnesses likewise may be similar 
to those termed cases of “sore throat” by Van 
Volkenburgh and Frost (7) in their studies in a 
civilian population. Epidemiological obser\-ations 
have not defined the incubation period but have 
suggested the development of immunity as indi- 
cated by the absence of epidemics of ARD in 
seasoned troops as contrasted with recruits (8). 
Finally, the washings used in these experiments 
were obtained from a recruit whose illness was 
considered clinically to be typical of ARD. 

Minor respiratory illness indueed by CC fil- 
trates. The minor respiratory illnesses induced by- 
filtered washings from 2 cases, referred to here 
as “common cold,” were characterized by predomi- 
nance of coryza and an incubation period of 1 to 2 
days. No appreciable homologous immunity could 
be demonstrated in the S-CC and CC groups fol- 
lowing inoculation with the respective filtrates at 
inter\-als of 19 days (S-CC) and 21 days (CC). 
Heterologous immunity to the ARD filtrate v.-as 
not demonstrated. The control experiments, in 
which autogenous filtrates were employed, indi- 
cate tliat these results were not due to mechanical 
irritation of the respiratory passages or tb.c re- 
sult of stimulation of a latent agent already present 
in the respirator}- tract. 

Minor respiratory illnesses produced by tr.ete 
CC filtrates appear to be similar to. if rot identical 
with, the illnesses transmitted by Kruse (9). Fo'- 
tcr (10), Dochez et c: (11). and I.xng ct r: (12). 
and termed by t;-.em ib.e “common cold." Ti:e fail- 
ure to demonstrate im.m.ur.ity to ti-.e CC nitrate in 
t';-.c present cxperim.ents is centrar’.- to the e-'ni'r. 
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are in accord, however, >vith findings in the Abel 
Fund Studies (13). Previous investigators did 
not attempt transmission experiments during the 
3 or 4 months following a cold or an experimen- 
tally induced infection. 

The frequency with which this minor respira- 
tory illness, which resembles the "common cold,” 
occurs in recruits and seasoned troops has not been 
adequately determined. It is possible, however, 
that this disease is similar to the minor illnesses 
observed in field surveys and in dispensaries dur- 
ing the summer and fall months. 

Relation of minor respiratory illness and primary 
atypical pneumonia. Clinical and epidemiological 
studies of sporadic and epidemic primary atypical 
pneumonia have shown, in many instances, an 
apparent association between this disease and 
minor respiratory illnesses (2, 3, 14 to 17). These 
findings have led to the hypothesis that the same 
agent produces both types of infection and that 
primary atypical pneumonia may actually be an 
infrequent manifestation of pulmonary involve- 
ment in a prevalent minor respiratory disease. 
Such a theory seems reasonable and is not novel, 
since it is in accord with the behavior of such 
known agents as influenza virus A, the meningo- 
coccus, etc. This interpretation may likewise be 
placed on the demonstration, in 1944, that minor 
respiratory illnesses and primary atypical pneu- 
monia were induced in 50 per cent and 25 per 
cent, respectively, of a group of volunteers inocu- 
lated with pooled filtered secretions of the respira- 
tory tracts of 6 patients with primary atypical 
pneumonia (3). 

The above evidence alone is not sufficient to 
prove the hypotliesis, however, because the pres- 
ence of only one agent cannot be established. 
Moreover, minor respiratory illnesses have been 
infrequent or absent in some outbreaks of primary 
atypical pneumonia (18, 19) and have varied in 
their relative sporadic frequency (20). . It is there- 
fore possible that more than 1 agent may cause 
both sporadic and epidemic primary atypical pneu- 
monia and minor respiratory illness. In support 
of tlris assumption may be the occurrence of cold 
hemagglutinins in some but not all cases of primary 
atypical pneumonia (21-24). 

In the present study, further evidence was 
sought in 2 ways, (c) by an attempt to produce 


primaiy atypical pneumonia v/ith washings from 
each of 2 cases (ARD and Br-AP) considered 
clinically and epidemiologically to be most closely 
related to that disease, as well as from 2 un- 
related cases (S-CC and CC) ; and (b) by an at- 
tempt to demonstrate the presence or absence of 
immunity to primary atypical pneumonia in indi- 
viduals who had previously been infected ivith 
ARD and S-CC filtrates. 

Primary atypical pneumonia was not induced 
by the administration of inocula from any of the 4 
cases, nor did previous inoculation with the ARD 
and S-CC filtrates prevent the subsequent develop- 
ment of the disease. Moreover, the incubation 
periods of the minor respiratory illnesses which 
did follow the initial inoculations — approximately 
5 to 6 days with the ARD filtrate and approxi- 
mately 1 to 3 days with the S-CC, CC and Br-AP 
filtrates — ^were much shorter than that found with 
the AP filtrates; that is, approximately 14 days 

( 3 ). 

It is difficult to interpret the occurrence of only 
one case of minor respiratory illness following the 
challenge inoculation of filtrate from a single case 
of primary atypical pneumonia (Figure 1) because 
previously uninoculated control subjects were not 
available. The absence of minor respiratory ill- 
nesses was in definite contrast to the results ob- 
tained in 1944 when pooled filtrates from 6 do- 
nors were employed (3). Theoretical explanations 
based on the assumption of the presence of 2 
agents in the 1944 filtrates, or partial immunity in- 
duced by the ARD and S-CC inocula, do not ap- 
pear to be adequate because of the absence of mild 
illnesses in the S-CC control group (Figure 1). 
One possibility appears to be that the agents pro- 
ducing primary atypical pneumonia in. the 1944 
and 1945 experiments were different. In support 
of this assumption may be the consistent occur- 
rence of cold hemagglutinins in the experimental 
cases of primary atypical pneumonia in 1944 and 
their absence in the 3 cases induced in the pres- 
ent study. Further investigations of this aspect 
of the problem are needed before a final conclusion 
can be reached. 

SUMMARY 

Experiments were undertaken in order to de- 
termine the effects of reinoculation of bacteria- 
free filtrates obtained from representative donors 
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with acute respiratory disease. Homologous and 
heterologous immunity was tested. In addition, 
immunity to primary atj^pical pneumonia was as- 
sessed in subjects who were previously exposed to 
these filtrates and w'ho contracted minor respira- 
tory illness. 

Immunity to reinoculation was found in indi- 
viduals receiving filtrate ARD which induced 
minor illness of relatively long incubation period 
(5 to 6 days). Little or none was found in sub- 
jects challenged with filtrate S-CC inducing a 
coryza-like illness of short incubation (1 to 2 
days). Cross-immunity was not demonstrable 
\nth either filtrate. 

Primar}' atypical pneumonia developed in 3 
volunteers follouang the inoculation of filtrate from 
a single donor who had atypical pneumonia. Each 
of these 3 patients had had 1 or more previous 
inoculations with ARD or S-CC filtrates; 2 had 
experienced recent minor respiratory' illnesses. 

The results of this study provide additional proof 
that at least 2 filtrable agents, or viruses, may in- 
duce minor respiratory illness in man and suggest 
that these agents are probably distinct from the 
virus or viruses of primary atypical pneumonia. 
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THE ESTIMATION OF SERUM SODIUM FROM BICARBONATE 

PLUS CHLORIDE 1 
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{From the Department of Internal Medicine, Yale University Sehool of Medicine, New Haven) 
(Received for publication March 5, 1947) 


Since the bod)' fluids are nearly neutral and 
since they contain no appreciable quantities of or- 
ganic bases, the concentration of cations in these 
fluids must be equal to the concentration of the 
inorganic cations found in them, [Na] + [K] + 
[&] + [Mg], This, in turn, must be equal to 
the total concentration of anions. The distribution 
of water between cells and extracellular fluids in 
the body appears to be governed mainly b}' the 
concentration in the extracellular fluids of sodium, 
the principal one of those osmotically active com- 
ponents which are restrained from crossing the cell- 
ular membranes. In addition, sodium constitutes 
the chief cation of the extracellular fluids. In 
normal serum it makes up more than 90 per cent 
of the total concentration of cations. Although the 
concentrations of the other cations profoundly in- 
fluence physiological processes, they are so small 
and vary so little that their effects on osmotic and 
cation-anion equilibria are trifling. The concen- 
tration of sodium is, therefore, tlie best single cri- 
terion of the electrolyte osmotic pressure and the 
concentration of cations in the serum and e,xtra- 
cellular fluids. The measurement of sodium has, 
however, been so laborious and time-consuming 
tiiat it has been less useful for clinical than for in- 
vestigative purposes. 

In lieu of direct measurement the concentra- 
tion of sodium has usually been estimated from the 
combined concentrations of bicarbonate and chlo- 
ride. In normal subjects these 2 ions together 
make up from 85 to 90 per cent of the anions of 
scrum, falling only a little short of equaling sodium. 
The remainder of tlic anion column is composed 
diiefly of protein, with an inconsiderable amount of 
inorganic phosphate, an almost negligible quantity 
of sulfate and a small and variable contribution 
of organic acids. W'hile important variations of 
the concentrations of cations manifest tb.cmselvcs 

' Tb:5 sr.vc'tiiration was nijrd by a rrar.t frerr. thi 
Pluid Kcjcarch Fuads of ihr Vafe Uaiicri'ly c; 

Mobrinr. 


consistently in the concentration of sodium, v-ari- 
ations of the anions are not so consistently evi- 
denced in tire concentrations of HCOj + Q. If 
some other foreign or endogenous anion accumu- 
lates in the serum it will displace bicarbonate. In 
this case [Na] will exceed [HCOj] -h [Cl] by 
more than the usual quantity and can be estimated 
only by the aid of inference. 

The object of this paper is to examine the ac- 
curacy of such inferences. With the flame pho- 
tometer it will become possible to measure the so- 
dium of serum m’th sufficient speed and facility to 
make this measurement clinically available. It is 
therefore relevant to ascertain the indications for 
such measurements and the advantages and dis- 
advantages they have in comparison with meas- 
urements of [HCO.j + [Cl] and other combina- 
tions of procedures. For routine purposes some 
selection is desirable for economy of time, facilities, 
and blood. 

MATERl.XL 

The material on which this analysis is based consists of 
205 measurements of sodium, chloride, and CO: of serum 
from 2S normal adults and 63 patients with a •variety of 
diseases, made for \'arious reasons during the years 1932 
to 1947. In many instances other analyses were made. 
The subjects for clinical obseiwation were not selected 
at random, but usually because some abnormality of so- 
dium or of the relation between sodium and chloride -r 
bicarbonate was suspected. 

All normals and most patients were studied in the 
postabsorptive state before breakfast. Exceptions to 
tliis rule were made in emergencies; but in sudi insta.*’-''', 
the patients were almost ins'arialdy fasting. 

lIETnOU? 

Blood was drawn and ser-.;m v.a* separated, and pre- 
served with, anaerobic prefauti"-.>. Chi-ride wc; meat- 
ureJ by Eiserman's adr.p.te.ti'.n r; t'-.e rret'.'«5 e: 
and Van Sbl.e (I) cr by jfaid’s rr. -.'-n-ati n of Fatter- 
‘cns micrentethod (1); car;--: dbridr t 'C! mersurei by 
the tcrh.nipue <; Van Si.'ke a- 1 l.'ciii fit, v itb e ce-- 
sta,-:; volume apparatus .-\r.:i}:'i f- r :',<i am '..ere d -.e 
h;,' t'.e gravieretrie rrtt" -d e; i;;‘i te ly e' 
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CALCULATIONS 

Values for sodium, chloride, bicarbonate and other elec- 
trolytic components are given in terms of combining 
equivalents. Actually the figures for bicarbonate do not 
represent bicarbonate, since the COi tension of the blood 


v\'as not determined. They represent total COj minus the 
COj that would be held in solution and as HaCOi in the 
serum at 37.5^’ C. and a pH of 7.35.^ Since the clinical 

-For this calculation the value of 6.10 was used for 
pK/; (4). 


TABLE I 

Variations of serum electrolyte concentrations in health and disease 


Number of ] '1 


IHCOi] 

[Cl] 


[Na] 

A 

Subjects 

Observa-T 

tions 

Observed 

>11 

1 >16 




, meq. Per liter 


Normal males* 


16 

19 

Maximum 

30.5 

104.4 

132.7 

143.3 

10.9 




Minimum 

25.7 

100.0 

128.3 

132.4 

2.8 




Mean 

27.7 

102.7 

130.2 

135.7 

5.8 




s.d. ± 

1.34 

1.13 

1.58 

2.28 

2.26 



Normal femalesf 


12 

16 

Maximum 

28.1 

106.8 

133.2 

136.7 

8.4 




Minimum 

2.3.1 

103.2 

128.0 

129.0 

-1.3 




Mean 

25.2 

105.3 

130.5 

133.4 

4.0 




s.d. dh 

1.42 

0.92 

1.06 

3.11 

2.33 



Addison's disease 


5 

37 

Maximum 

27.5 

107.1 

131.5 

141.0 i 

18.2 





Minimum 

14.8 

82.6 

102.6 

115.9 

2.8 

9 

1 


Pulmonarj’ disease 


6 

18 

Maximum 

56.0 

— 

131.1 

146.0 

20.1 





Minimum 

19.8 

BH 

112.4 

122.8 

5.7 

1 ^ 

2 


Diabetes mellitus 


45 

Maximum 

31.0 

122.4 

mm 

151.6 

45.5 




Minimum 

3.6 

87.1 


119.5 

1.8 

34 

21 


Renal disease 


23 

Maximum 

28.1 

125.5 

132.2 

148.5 

34.7 

1 



Minimum 

4.9 

81.3 

97.5 

116.2 

0.7 


12 


Mercury poisoning 


4 

18 

Maximum 

24.3 

131.8 

152.4 

— 

23.4 





Minimum 

9.5 

86.7 

100.0 

wm 

0.0 

14 

2 


Miscellaneous diseases 


17 

29 

Maximum 

40.9 

103.5 

130.0 

141.0 

27.3 





Minimum 

9.7 

67.8 

91.6 

116.0 

0.1 

20 

10 


* One subject was omitted because his [Na] and A differed consistently from the mean by more than 3 times the 
standard deviation. 

t One subject was omitted because her (Cl) and 2 differed consistently from the mean by more than 3 times the 
standard deviation. 
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material was extremely heterogeneous pH must have 
varied widely. If it be assumed that it varied from 7.0 
to 7.8, the error of assuming a pH of 7.35 would amount 
to +7 per cent of the bicarbonate value. In a serum 
■with a normal bicarbonate concentration of 27 railliequiv- 
alents per liter this would be about 2 milliequivalents. 

In the text and tables concentrations of Na, Q and 
HCOs, in meq. per liter, are represented with brackets, 
[Na], [Q], [HCOj]. The sum, [HCO,] + [Q], is rep- 
resented by the symbol 2, the difference, [Na] — ( [HCOj] 
+ [Cl]), by the Symbol A. 

RESULTS 

In Table I the data are presented in summary to 
indicate the degree of variability of each function 
in normal individuals and in various types of dis- 
ease. There is, as has been noted before (4, 5), a 
statistically significant difference beUveen normal 
males and females with respect to both [HCO3] 
and [Cl]. The former is about 2.5 meq. per liter 
lower, while [Q] is about 2.5 meq. higher in fe- 
males. Because these differences are reciprocally 
related, 2 is the same for the 2 sexes. In this 
series the mean [Na] is 2.5 meq. higher in males, 
but this is not statistically significant. One male 
and one female, though presumably normal, w’ere 
omitted from the statistical calculations because 
their electroljles departed in certain particulars 
widely from the means. If they had been included 
the means would have been only slightly altered, 
while the differences beriveen the sexes would 
have been exaggerated. In each sex [Cl] -^-aries 
less than any other function: but, because of the 
difference between the sexes, ^•aries more than 2 
does in males and females together. Relatively 
[HCO3] varies most, but in actual milliequivalents 
variations of [Na] are almost twice as great. Be- 
yond the reciprocal relation between [HCO;] and 
[Cl] in the 2 sexes, no significant correlation 
can be found between any 2 functions in either 
or both se.xcs. Even [HCO,] and [Q] bear no 
significant relation to one another in cither males 
or females. The cause of the variations of A is, 
therefore, not clear from these data. The mean 
value of A in these normal subjects is about 5 meq. 
per liter, with all but 2 of the obscm’ations falling 
between 0 and S.5. In normal persons under 
standard postabsorptivc conditions, therefore. 
[Na] can be predicted from 2 with, an error that 
'cldom exceeds ? metp per liter. 


In pathological conditions this prediction is far 
less accurate. In 170 observations A exceeded 11 
meq., its maximum TOlue in normal subjects, 97 
times. In 47 instances, or 28 per cent of the ob- 
servations in disease, A exceeded 16 meq. per liter. 
These figures have no statistical significance since 
the data were obtained from patients selected, in 
the main, because some abnormality of serum 
electroljles was suspected. They will serve tlie 
present purpose, however, because it is in just 
such cases that knowledge of [Na] is desirable. 
If it is assumed that the mean -value of [Na] is 2 
+ 5 meq., the concentration of [Na] would have 
been underestimated by more than 10 meq. in 28 
per cent of the pathological subjects of this series. 

DISCUSSION 

It remains to examine the causes of large values 
of A and to learn whether their presence and mag- 
nitude could be inferred from clinical phenomena. 
The subject can be approached best through an 
analysis of the separate categories of disease. Al- 
though the patients with Addison’s disease were 
studied under a great variety of conditions, as is 
evident from tlie wide variations of [Na], [HCO.] 
and [Cl], A exceeded 11 meq. in 9 of the 37 obser- 
vations and was slightly greater than 16 meq. once. 
In this disorder, therefore, 2 gives a reliable esti- 
mate of [Na]. Reductions of either [HCO;] or 
[Q] are referable almost entirely to depiction of 
[Na]. Only in the most critical states is there 
any appreciable accumulation in the serum of in- 
organic phosphate or other anions. The one high 
figure for A, 18.2 meq., in this series was found in a 
young adult male with implants of pellets of de- 
soxycorticosteronc. The observation was made 
immediately after admission. The patient had suf- 
fered from diarrhea and vomiting, b.e was in a state 
of collapse, and had been anuric for 24 Inurs. In 
addition he was cyanotic and h.ad physical signs 
and x-ray evidence of bronchopneumonia .and 
atelectasis, confirmed at a sub-enuent autopsy. 
[Na], [Cl] and [HCO..] were, respectively, I-l.O, 
104.7 and IS.l meq. per liter. Prestmtably .anuria, 
circulators' collapse and th.c p'ulm.onary ci?t.a;e pre- 
vented him from ccm.pensatir.g more ademectelv ter 
a starvation ketosis. .-M though the electrolme p'.t- 
tem of his semmi ws rr.Tnd'.y rcsurc-l !'■ r.' rrmal 

4iv ?!'•“ r r rr'r * t* 
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rectcd to the support of his circulation, he died d 
days later. 

The patients ^Yith pulmonary disease fall into 
2 categories. In the first are subjects with tuber- 
culosis who resemble patients with Addison’s dis- 
ease in their tendency to waste sodium in the 
urme (6) . In only one of these did exceed 1 1 .0 
meq. and then only by 0.2 meq. per liter. In the 
second category arc patients with disorders of the 
respiratory system, such as asthma, which inter- 
fere with the discharge of CO™. Tliis leads to ele- 
vation of [HCOn] with a compensatory depression 
of [Cl]. In 2 cases of this type A exceeded 16 
meq., being 20.1 in both. Both patients were in- 
tensely cyanotic ; the blood nonprotein nitrogen of 
one was 49 mgm. per cent. Presumably lactic 
acid, and possibly other organic acids, were re- 
sponsible for the high concentrations of organic 
acid. Such acids would ordinarily displace bi- 
carbonate ; but the respiratory disabilitjt- in these 
cases prohibited compensation by this reaction. 
Instead bicarbonate was elevated, in 1 patient on 1 
occasion to 56.0 meq. per liter. 


The high frequency of excessive values of A in 
diabetic patients is to be exi^cctcd. The acids arc 
probably in most instances ketone bodies. It may 
be seen from Figure 1 that tlicrc is a fair inverse 
correlation between A and [HCO-]. When the 
quantity of acid in the circulation increases, 2 re- 
actions arc called into play; (7) the acids arc ex- 
creted in the urine; (2) bicarbonate is displaced 
by the acid, while the CO^ thus released is ex- 
creted by the respiratory system. The relative 
atnounts of sodium balanced b}'’ bicarbonate and by 
other acids, then, depend on the efficiency of these 
2 processes. If the eliminative mechanisms are 
operating effectively, there should be some degree 
of inverse correlation between [HCO^] and A. 
Such a correlation is evident in the obsen-ations 
from diabetic patients. 

In patients with renal disease, high values of A 
coincided regularly with gross nitrogen retention. 
Usually [HCOs] was coincidently reduced. These 
bicarbonate deficits have been attributed to the 
accumulations in the serum of inorganic phosphate 
and sulfate, but these were not large enough to 



Fig. 1. The Relation of Bicarbonate to Undetermined Acids in Diabetic Patients 

Values are expressed in milliequivalents per liter. The diagonal line is defined by the equation, 

29.31-0.685 [HCOd=A. 
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Calculated [Na] 

Fig. 2. Observed Values or Serum [Na] in Milliequivalents pep. Liter Compared with Values Calculated 

Bv THE Equation, 

[Cl] -r [HCO,] -f 23.2-0.50 [HCOJ = [Na] 

The middle diagonal line represents perfect agreement: the 2 lines paralleling it delimit .a rcr.e of ~ 10 mer;. per 
liter. The point H in the upper right-hand comer should r.ctu.ally be defined by observed [Na] = 167.0. calculated 
[Na] = 164.4. 0 = normal m.ale, X= normal female, -f- = Addison's disease. Hi = pulmcn.ary di<ea*e, 0 = 
diabetes raellitus, 0 = renal disease, H = mercury poisoning. I = miscellaneous disease. 


explain botli tlic bicarbonate deficits and tltc ex- 
cesses of undetennined adds, v.-liich often 
amounted to 30 mcq. per liter or more. Qtloride 
MTis also reduced in many instances and sodium 
tvas seldom elevated. Tliat tr.e liigh A's in renal 
disease were not referable to impaired renal func- 
tion alone is sutreested by co;up.aris?n with ir.er- 
curv’ poisoning. In this ccndi’.ic::, in spite of 


oliguria and iugh blood n.or.prctcin nitregen, A 
••'.Ti-s; usually quite moderate. 

Ti;e miscellaneous .'cries include? suri: j.etcr''- 
gencons cases tr.at tn.eir ana'y.ds a^ a g.'cup can- 
not be profitable. 

Ttie mean line dcscril ir.g ti'.c relation of [ I:CO, | 
to -1 izi r'-tients v.it!: <1:7 /' ir L". *l.-z 

cauaticn.' 2 a31 - OddcHtCOr = A. i d = - 
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6.61. From Figure 1 it is evident that the distribu- 
tion of points about this line is somewhat asym- 
metrical. At high concentrations of [I-ICO3] A 
exceeds expectations. When the same line was 
tested on all observ^ations it did not describe a gen- 
eral relation between abnormal accumulations of 
anions and [HCO3]. A- similar line was, there- 
fore, constructed from all observations. This line 
is defined by the equation, 23.2 — 0.50[HC03] = 

, A, s.d. = ± 7.09 meq. per liter. With the aid of 
this relation [Na] can be calculated from [HCO3] 
and [Cl] by the equation, [Cl] + 23.2 -f- 0.50 
[HCO3] = [Na], within ± 10 meq. per liter in 86 
per cent and within ±15 meq. in 95 per cent of all 
observations. The relation between obser\'ed and 
calculated [Na] is shown in Figure 2. Although 
observed values of A are almost always positive, 
values estimated by the formula are both positive 
and negative. Some consistent trends are also 
noticeable. For example, calculated values of 
[Na] in normal subjects are, with 2 exceptions, 
greater than observed values. The 2 exceptions 
are in males. The difference is greater in females 
than in males. It may be that the line describing 
the relation of A to [HCO3] is distorted by cer- 
tain characteristics of one or more pathological 
groups or that this relationship is actually curvi- 
linear. 

Data on the subjects in which the calculated and 
observed values of [Na] differed from one an- 
other by more than 10 meq. per liter are presented 
in Table II. On 2 occasions in 1 female differences 
of — 12.4 and — 11.4 meq. were observed, on 3 
other occasions the, differences in the same sub- 
ject were — 9.9, —9.9., and — 9.7 meq. per liter 
(the difference is given the negative sign when 
the calculated value is greater than the observed 
value). The observed A in the same sera varied 
from — 1.3 to 3.6. Another of the normal women 
had a difference of — 11.6 meq. with an observed 
A of 0.4 meq. per liter. These large negative dif- 
ferences were associated with high normal values 
of [Cl] (106.0 to 106.8 meq. per liter). One other 
normal female with a [Cl] of 106.8 meq. per liter 
had a difference of — 8.6 meq. Among the women 
there is a tendency, not apparent in the men, for 
the negative error to vary with [Cl], which is 
consistently greater in females than in males. In 
the pathological series, calculated [Na] exceeded 
observ'ed [Na] by more than 10 meq. per liter 4 


TAnr.K Tr 


Observations in which observed [iV«l differed Jrom calculated 
(A^d) by more limn 10 tneq. per liter 


Subject 

[HCOj] 

(CIl 

V 

IN'nl 

A 

Blexjd 

Ob- 

oerved 

C.ilcu- 

latcd 

Ob- 

served 

NPN 

Sufrar 


mcff. per tiler 

1 rr.gm. per 
cent 


Normal females 


PMH 

RC 

24.3 

24.4 
24.1 

106.0 

106.0 

106.4 

130.3 

130.4 

130.5 

129.0 

130.0 

130.1 

141.4 

141.4 

141.3 

-1..3 

-0.4 

0.4 



Pulmonary' disease 

B84061 

41.6 

78.8 

120.4 

140.5 

122.8 

20.1 

49 



56.0 

75.1 

131.1 

146.0 

126.3 

14.9 



A36064 

31.5 

80.9 

112.4 

132.5 

119.8 

20.1 

21 



Diabetes mellitus 


60404 

5.7 

98.2 

103.9 

140.7 

124.3 

36.8 

33 

588 

90339 

17.8 

118.0 

135.8 

137.6 

150.1 

1.8 

37 

224 

42994 

3.6 

99.8 

103.4 

148.9 

124.8 

45.5 

42 

588 

B47553 

17.7 

101.6 

119.3 

138.0 

122.7 

18.7 


61 

B31839 

13.7 

96.5 

110.2 

141.0 

126.6 

30.8 

159 



Renal disease 


A8132 

20.7 

111.5 

132.2 

133.2 

145.1 

1.0 

59 

B86920 

20.0 

81.3 

101.3 

126.0 

114.5 

24.7 

111 


10.9 

98.1 

109.0 

139.0 

126.8 

30.0 

168 


13.3 

93.5 

106.8 

139.0 

123.4 

32.2 

232 


13.3 

90.9 

104.2 

135.0 

120.8 

30.8 

266 


12.7 

94.0 

106.7 

137.0 

123.6 

30.3 

278 


11.7 

88.6 

100.3 

135.0 

117.7 

34.7 

269 

B86008 

14.2 

86.7 

100.9 

133.5 

117.0 

32.6 

158 

B90968 

13.5 

79.7 

93.2 

126.3 

108.7 

33.1 

166 


Mercury poisoning 


70280 

18.5 

113.0 

131.5 

131.5 

145.5 

0 

47 


16.4 

113.8 

130.2 

135.9 

145.2 

5.7 

54 


Miscellaneous diseases 


A39880 

29.0 

81.3 

110.3 

135.0 

119.0 

24.7 

27 

78642 

40.9 

67.8 

108.7 

132.4 

111.5 

23.7 

49 


35.8 

71.9 

107.7 

127.5 

113.0 

19.8 


B86345 

20.8 

70.8 

91.6 

116.0 

104.4 

24.4 

194 

A60444 

27.3 

99.5 

126.8 

150.5 

136.4 

23.7 

33 


times, always when [Cl] was greater than 110.0 
meq. per liter. In only 1 observation out of 7 in 
which [Cl] exceeded 110.0 meq. per liter was ob- 
served [Na] greater than calculated [Na]. In 
this case, a diabetic in acidosis, when [Cl] was 
122.2 meq. per liter, the difference was 13.3 meq. 
(observed A 1.3 meq.). The observed [Na] on 
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this occasion was 151.6 meq. per liter. In all other 
instances high [Cl] was associated with a normal 
[Na]. It therefore appears that when [Cl] ex- 
ceeds 110.0 meq. per liter the prediction equation 
usually overestimates [Na]. If [HCO3] de- 
pressed by hyperchloremia there is no reason why 
A. should be increased. Since the prediction equa- 
tion is based on the assumption that any depres- 
sion of [HCO3] is referable to an increase in the 
serum of the concentration of anions other than 
[Cl], it follows that when [HCO3] is depressed 
by [Cl] itself the equation will yield too high a 
value for [Na]. 

Calculated [Na] was lower than obserr^ed [Na] 
by more than 10 meq. per liter in 2 patients with 
pulmonary disease. Both had asthma, emphysema, 
and heart failure. Among the nephritics also, only 
those with heart failure and pulmonary congestion 
had large positive differences. This affords an ex- 
planation for the absence of such errors in the pa- 
tients with mercury poisoning, who had no re- 
spiratory impairment. Observed [Na] exceeded 
calculated [Na] by more than 10 meq. in 4 pa- 
tients with miscellaneous diseases. The first of 
these, who had encephalitis, at the time of the ex- 
amination was stuporous, cyanotic, and breathing 
stertorously. His [HCO,] was high, [Cl] greatly 
reduced, with [Na] normal. It may be inferred 
that he had a primary CO, excess. The second 
case, A78642, besides diabetic acidosis had pyloric 
obstruction. He was e.xtremely dehydrated and 
in a state of circulatory collapse. BS6345, with a 
broken neck, had retention of urine and circulaton* 
failure. He was deeply cyanotic, his lungs full of 
bubbling rales. In all these cases, therefore, a large 
positive difference was associated with impairment 
of. the respiratoiy system which interfered 'witli 
tlie elimination of CO.. Invariably [Cl] was re- 
duced; presumably, it was taking over the func- 
tion of [HCO;] in making room for Uic c.\tra load 
of anions. The latter was also often diminished, 
especially in tlie patients with renal disease, but 
less than it would have been had llic respiratory’ 
cxdiangc been unimpaired. Consequently the usual 
inverse proportionality between (HCO,] and 
A was not maintained. Respiratory insufficiency 
in these cases was not absolute, but relative. 

The last patient, AC0444, was in an active stage 
of familial periodic palsv with a scrum potassium 
of 1.7 meq. per liter. Wiicthcr this interfered with 


his respiratory exchange, it is impossible to say 
because the analysis was made for routine diag- 
nostic purposes and associated disturbances of his 
vital signs were not noted. 

Of the diabetic cases, 90339 with high [Cl] has 
already been mentioned among those who had 
negative differences with hyperchloremia. In the 
remaining 4 observed [Na] exceeded calculated 
[Na] by' 14 to 24 meq. per liter. Two of these pa- 
tients, 60404 and 42994, had extreme acidosis and 
dehy'dration. It may be that the respiratory sys- 
tem had to assume more than its usual share of the 
burden because tlie kidneys were unable under 
these circumstances to work efficiently. On the 
other hand, it may be, as was suggested above, that 
the relation of [HCO3] to A is actually curvilinear. 
At normal [HCO,] the prediction equation seemed 
to exaggerate [Na] ; at extremely low [HCO,] it 
may yield values that are too low. Errors of this 
nature and magnitude in extreme diabetic acidosis 
would not, however, lead to improper impressions 
or therapy. The other 2 patients had frank evi- 
dences of heart failure; in B31S39 this was com- 
plicated by bronchiectasis, asthma, and emphysema. 

It appears, therefore, to be possible to estimate 
serum [Na] within ±; 10 meq. per liter from 
[HCO,] -f [Q] with the aid of clinical observa- 
tion. In such estimations account must be taken 
of the fact that as anions other than [HCO,] and 
[Q] accumulate in the serum A increases in in- 
verse proportion to the depression of [HCO,]. 
A prediction formula has been devised by which 
these increases of A may be calailated from 
[HCO.,]. In at least 2 conditions this formula 
fails. If [HCO 3 ] is displaced by [Q] it yields ex- 
cessively high calculated values for [Na] ; if the 
respiratory elimination of CO; is impaired it yields 
erroneously low values. 

There can be no doubt that direct measurement 
of [Na] will give more precise information; but 
no otiter combination of any 2 of tb.e 3 '.•ariablcs, 
JNa], [HCO;] and [Cl], will be as sers-iceal/.e as 
[HCO,] -r [Qj. The combination of [Na] and 
[HCO;j would ob’riously !.e m.ost inadequate l^e- 
causc tl'.c cincrcncc between t'lese 2 v.cndd include 
the iargc.n anion fraction. [Cj, a' well as A. In 
dialx'tic acidosis and c;; er cond;;: -.'. 
exercise or ans-xc::;;:.. fr. v. A i‘ u:'»' ’d r.’. 

conibu'tiMctrganicani'inr.rnca'urccue:.;: ci [Nat 
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conditions it could be assumed that the whole dif- 
ference, [Na] — [Cl] , was potentially bicarbonate, 
since the sodium liberated by the combustion of 
these foreign acids would form bicarbonate w'ith 
COo. In renal insufficiency, however, when phos- 
phate and sulfate accumulate in the scrum, [Na] 
— [Cl] would have an altogether diflercnt signifi- 
cance and would give imperfect information. 

SUMMARY 

A prediction formula has been devised by which 
the concentration of sodium in blood serum may 
be estimated within it 10 meq. per liter from the 
concentrations of CO, and chloride. Two condi- 
tions have been found in which this formula is 
inapplicable. In hyperchloremia it yields errone- 
ously high values; when the respiratory elimina- 
tion of Cbo is impaired it yields erroneously low 
values. Since these sources of error arc readily 
detectable they do not detract greatly from the 
value of the formula. 
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Human cerebrospinal fluid has been reported to 
contain a relatively small concentration of uric acid 
compared to that of plasma (cf. Table II). How- 
ever, it is not known what proportion of these re- 
ported uric acid values is due to chromogenic sub- 
stances similar to those giving the color reaction for 
uric acid in plasma (1). The introduction of en- 
zymatic methods for determining uric acid specifi- 
cally (2 to 5) has made reexamination of spinal 
fluid values advisable, particularly with regard to 
their relation to plasma ultrafiltrates. 

SUBJECTS 

Cerebrospinal fluids ® were obtained by lumbar puncture 
from individuals suspected of ncurosyphilis and from 
others undergoing routine follow-up after antiluetic 
therapy. Those fluids which were serologically and 
Pandy negative were combined into 10-ml. pools, each 
pool representing 5 individuals. Total protein was then 
determined on each pool and those with a content of less 
than 35 mgm. per 100 ml. were considered satisfactory for 
study. 

Ventricular fluids were obtained during diagnostic 
ventriculography on neurological patients without mass 
lesions or inflammatory intracranial disease’. 

Plasma for ultrafiltration was obtained from 2 normal 
subjects on diets of varj-ing purine content. The results 
quoted in the text are the average of 8 determinations on 
one subject and 5 on tlic second. 

.METHODS 

Uric acid was determined in plasma, plasma ultra- 
filtrates, and in cerebrospinal fluid by a modification of 
the method of Buchanan, Block and Oiristman (2) for 
tlie Evelyn photoelectric colorimeter. 

The essentials of this determination and the terms used 
in reporting results are as follows: 

1. A I-ml. aliquot o: the specimen is deproteinated and 
tl'.e color developed with tlie arscnoph.o^photungstic acid 

’ The department is in part supperted by ih* Mitl—el 
Kcese Research Foundation. 

-The authors arc indebte’.l to the Hekti'cm Institute fer 
Mtxhr.al Resr.-.rch i t CVt: County Hi'':i;."l f r c.v'peru- 


and urea-cyanide reagents. The concentration of uric 
acid equivalent to the color developed is termed total urate. 

2. Another (2-ml.) aliquot of the specimen is treated 
with uricase at pH 9.1 to destroy the uric add present. 
It is then treated as above, the color developed being 
termed chromogen. 

3. The difference between the smlues for total urate 
and for chromogen represents the amount of uric add 
destroyed by the specific enzyme and is therefore termed 
true urate. 

The actual size of the aliquots given in the preceding 
paragraph is that used in plasma determinations; cere- 
brospinal fluid contains so little urate that it is ad- 
visable to use twice or 3 times these amounts. 

The nature of the chromogenic substances in plasma 
and urine which give the color reaction for urate has been 
discussed recently (1) and will be reviewed more com- 
prehensively in a forthcoming publication (6). A por- 
tion of the chromogen is non-purine in origin, but an- 
other portion is due to an incompletely characterized 
purine metabolite (or metabolites) of endogenous origin. 
In addition, methylurates from the mcthyl.xanthines of 
dietary origin contribute to the chromogen. 

The normal plasma urate values quoted are based upon 
repeated determinations on 31 normal individuals and arc 
similar to the values obtained by Bulger and Johns (3) 
with a uricase method. 

Plasma for ultrafiltration was obtained from blood 
drawn in a heparinized syringe and immediately centri- 
fuged ; no attempt was made to preserve the normal carbon 
dioxide content. Ultrafiltrates of plasma were obuiined 
by a modification of the method of Lavictes (7). Ti;e^ 
membranes used were DuPont No. COO cellophane, seaked 
3 d.ays at 0° before used.’ 

KESULT-'i 

The results of the urate partition in pC'oled nor- 
mal cerebrospinal fluid are ^iven in Table I, to- 
gether with tr.c average normal concentrations in 
pdasma and the calculated C.S.F. 'placnta ratio:. 
These data show that nomtal lu.m'.an cerebro-pinn! 
filled to centnir'., ct' tV.c civcrTii’C’ 
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TAntE I 

Urate content of normal human cerebrospinal fluid and 
calculated averase C.S.Ff plasma raho 



Total 

urate 

Chromo- 

r,cn 

True 

urate 

Total 

protein 

C.S.F. pools 

1 

2 

3 

4 

5 

6 

7 

8 

9 

TitRm. per 
100 »il. 

0.58 

0.35 

0.80 

0.58 

0.76 

0.62 

0.51 

0.67 

0.59 

incm. per 
100 nit. 

0.26 

0.28 

0.60 

0.38 

0.33 

0.38 

0.38 

0.38 

0.33 

mi;n:. per 
100 ml. 

0.32 

0.07 

0.20 

0.20 

0,43 

0.24 

0.13 

1 0.29 

0.26 

riicn. per 
too ml. 

20 

25 

30 

13 

10 

13 

13 

14 

13 

Average 

C.S.F. 

concentration 

0.61 

0.37 

0.24 


Average 

plasma 

concentration ■ 

4.76 

0.74 

4.02 


Average 

C.S.F./plasma 

ratio 

0.13 

0.50 

0.06 



per cent of the true urate present in plasma. Fur- 
thermore, application of the uricase method to 
spinal fluid shows that slightly less than half the 
chromogenic material present is true urate. 

Our results for total urate in cerebrospinal fluid 
are comparable to those found in previous investi- 
gations, which are summarized in Table II. The 
values found by Katzenellenbogen (12) are some- 
what lower than those in other studies because he 
employed a silver precipitation method which 
yields values approximately equivalent to true 
urate under suitable circumstances (1). Normal 
values in children are reported to be 50 per cent 

higher than in adults (16). 

The C.S.F./plasma ratios reported by different 
investigators show considerable variation , but 
most recent studies show a mean ratio of 0.1 to 0.2 
for total urate. Reiche (9), by dividing his large 
material into 3 groups, was able to show a rough 
parallelism between the blood urate level and the 

cerebrospinal fluid level. 

We have secured a small number of ventricular 
fluids from patients without mass lesions of the 
brain or inflammatory intracranial disease. These 
data, presented in Table III, show merely that the 
urate content and partition 'in ventricular fluid do 
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Knir.i'.r. 
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0.17 

2.7') 

1.: >0.1 

O.K>3 

oa:'‘ , 


p.ltlTa'.n 




Katifncllrn- 
bor.cn (12) 

20 rcliL'ophrr:;!-' 

O.IO 

r.p 

0.076 

O.Q37* 

Eslimitri 

CocLrill (13) 

5 riorm.il 

I. .53 

1.53 


O.tOl 

iatlivl'Jiral : 


p’arno 



CliauEard, 

t mriltcal 

0.51 

LSI 


O.tu 

BrtyJin nrrcl 
Gricaut (It) 

patients 


r-rfufiJ 



Talbott (IS) 

12 Koiity 

t.7') 

T,2<. 


OTiS 


patients 


reruns 


^ 


* Depending cliteny imori the hcm.Uocrit and "51^^ -ii 
type of wliolc blood method used, ratios 

average 135 to 200 per cent of C.S.F./plasma ratios, 
facilitate compari.‘;on of data, where authors dcterrni 
urate in blood the C.S.F./plasma nitio in the final com 
has been estimated as 0.75 (C.S.F. /blood). 

not differ strikingly from that obtained by lumbar 
puncture. 

The difference between plasma and cerebro- 
spinal fluid urate concentrations is so large that it 

TABLE nr 


Urate concentration and partition in ventricular flmd obiat 
from patients without mass lesions or inflam- 
matory intracraiiial disease 


Sample 

num- 

ber 

Diagnosis 

Total 

urate 

Chro- 

mogen 

True 

urate 

pro- 

tein 

V2 

Cerebral atrophy, 
etiology unknown 

mgm. 

per 

100 ml. 

1.30 

mgm. 

per 

100 ml. 

0.90 

mgm. 

per 

100 ml. 
0,40 

mgm. 

per 

100 no. 
19 

V3 

Chronic internal 
hydrocephalus 

0.50 

0.10 

0.40 

20 

V4 

Undiagnosed lesion, 
region of optic chiasm 

0.70 

0.50 

0.20 

34 

V5 

Arteriosclerotic cere- 
bral vascular disease 

0.70 

0.30 

0.40 

19 


Average 

0.80 

0.45 

0.35 

23 
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TABLE IV 

UltrafiUmbility of urate fractims through cellophane 
in 2 normal subjects (10) 



Subjects 


W.Q.W.* 

H. B. w.t 

Plasma total urate, 

7.13 

4.52 

mgm. per 100 ml. 

Ultrafiltrate total urate, 

5.29 

3.78 

mgm. per 100 ml. 

Per cent ultrafiltrable 

74.3 

83.6 

Plasma chromogen, 

1.41 

0.92 

mgm. per 100 ml. 

Ultrafiltrate chromogen, 

1.12 

0.85 

mgm. per 100 ml. \ 

Per cent ultrafiltrable 

79.2 

92.4 

Plasma true urate, 

5.72 

3.60 

mgm. per 100 ml. 

Ultrafiltrate true urate. 

4.17 

2.93 

mgm. per 100 ml. 

Per cent ultrafiltrable 

72.9 

81.4 


’ Average of 8 experiments, 3 of v.-hich -were during high 
purine diet periods. 

t Average of 5 experiments, all on normal diet. 


dearly cannot be e.xplained on the basis of the 
Donnan phenomenon. Since the only other clearly 
established cause for such a discrepancy between 
spinal fluid and plasma constituents is nondiffusi- 
bility, ordinarily due to the binding of a substance 
to plasma protein, we attempted to determine the 
degree of protein binding of urate by pressure ul- 
trafiltration through cellophane. 

Adlersberg, Grishman and Sobotka (17) have 
reviewed the literature dealing with attempts to 
demonstrate protein binding of urate. In their 
own c.\periments, they found 84 per cent of the 
plasma total urate ultrafiltrable in normal indi- 
viduals. 

Our experience with ultrafiltration confirms that 
of Adlersberg and his coworkers. We found 79 
per cent of the plasma total urate and 77 per cent 
of the plasma true urate to be free to ultrafiltra- 
tion (Table IV). It is obvious that the quantities 
of true urate in normal cerebrospinal fluid arc 
much less than those which appear to be free in 
plasma when cellophane ultrafiltration is used to 
indicate tlie degree of plasma binding. 

DISCUSSION 

The data presented above demonstrate the 
cerebrosp’.nal fuiid true urate concentration to 1-e 
only 0 per cent of that present in rla'^ma. The 


question therefore arises by what mechanism such 
an unequal distribution may be maintained. 

Cerebrospinal fluid, it is generally agreed, re- 
sembles a modified ultrafiltrate of plasma (8, 18, 
19). It appears to be subject to alterations pre- 
dicted by the Gibbs-Donnan rule. Various sub- 
stances are present in relatively small amounts be- 
cause of plasma binding and, to a lesser extent, 
because they may circulate in plasma water in a col- 
loidal state (calcium, bilirubin, cholesterol, salicy- 
late) . The quantity of magnesium in cerebrospinal 
fluid is greater than in plasma and the difference is 
magnified when plasma binding is considered; it 
has, however, been suggested that magnesium is 
a brain metabolite. There remain differences in 
potassium, glucose, and phosphate partition which 
cannot be rvell explained at present. 

When true uric acid is considered, there appears 
to be little resemblance between cerebrospinal 
fluid and plasma ultrafiltrates. The ultrafiltrate 
contains 77 per cent of the uric acid concentra- 
tion of plasma, while the cerebrospinal fluid con- 
tains only Yio as much urate as the ultrafiltrate. 

Three possibilities have been suggested to ex- 
plain the peculiarity in urate distribution; they 
will be briefly listed without extended discussion. 
The first is that true uric acid enters the cerebro- 
spinal fluid in somewhat greater concentration and 
is converted to substances not fermentable by 
uricase. Since a small series of determinations of 
urate partition in ventricular fluid shov.’ no differ- 
ences from fluid obtained by lumbar puncture, this 
appears not to be tenable. 

The second possibility is that the modified ultra- 
filtration theory of cerebrospinal fluid formation 
docs not apply to true uric acid. Rciche’s (9) 
demonstration of parallelism bctivecn blood and 
spinal fluid urate concentrations makes this appear 
improbable. 

The tliird possibility is tliat ultrafiltration 
through cellophane does not truly reflect ti-.c dif- 
fusibility of urate through biological memhrr.ncs. 
Such beh.arior is obscri'cd in the case of p-r.mino- 
liippuric acid v.-hicli sh.ows much greater Mad;;:;: 
in clearance studies tb.an in ultrafi'traticn studies 
(20). From c'ectrcph.orctic experim.ern^ Ilenn- 
hold (21) concluded tlu.t u.ric acid i<^ ’•■ur.d to 
;vv r xcs * 

sure .*.nu th.at the ilegr-.r f i tla'ue-: ‘.;r: !in." -.e.- 
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much greater than could be shown by ultrafiltra- 
tion. Although it is not clear that non-diffusibility 
is entirely due to binding to plasma protein, evi- 
dence obtained from a study of renal and other 
biological functions (6, 22) suggests that the true 
urate content of the cerebrospinal fluid may be 
essentially equal to the plasma-free true urate. 

SUMMARY 

The concentration of true uric acid in normal 
human cerebrospinal fluid has been determined 
enzymatically. Substances giving the arsenophos- 
photungstate color reaction for urate are present 
in considerable amount, but true urate forms only 
40 per cent of these substances. The concentra- 
tion of true urate in normal spinal fluids averages 
6 per cent of that in normal plasma. 

Approximately 77 per cent of the plasma true 
urate is ultrafiltrable through a cellophane mem- 
brane under pressure, but spinal fluid contains 
only %o the true urate which is found in a plasma 
ultrafiltrate. 

The various possible explanations of these find- 
ings are briefly considered. 
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Within recent years, enzymatic methods for the 
determination of true urate have become available. 
The introduction of such methods by Blauch and 
Koch (1, 2) has made it possible to estimate true 
urate in biological material with a high degree of 
accuracy (3 to 10). 

All uricase methods involve the colorimetric de- 
termination of uric acid on two aliquots of a sam- 
ple, one of which has been treated wdth uricase to 
destroy the true uric acid present. The apparent 
concentration of uric acid in the untreated sample, 
as determined colorimetrically, is referred to as 
“total urate” ; and the concentration remaining 
after treatment with uricase is referred to as the 
“urate-like chromogen” (or briefly, “chromogen”). 
By substracting the concentration of chromogen 
from that of total urate, the concentration of “true 
urate” destroyed by tlie enzyme is obtained. 

Most authors have tacitly assumed that the 
chromogen was merely an interference with the 
maximal accuracy of urate determination, but the 
results we obtained appear to require another ex- 
planation. A preliminary' report on some of this 
data has appeared elsewhere (11) and this paper 
is chiefly conccnied with the results of our in- 
vestigations dealing with the chemical nature and 
physiological significance of the urate-like chromo- 
gen. 


METHODS 

Total urate, true urate, and chron*.o;en are estimated 
bv our modification of the mctliod of Buchanan, Bloch, and 
Giristman (3) for the Eveljm photoelectric colorimeter. 
Details of other clicmical and physiolosical methods and 
complete data on our normal human subjects and Rout 
patients fummuirieed below will appe.ar in a later p'ublica- 
tion (12). 

Urate solutions for continuous intravenous injection in 
norm.al h.uman subjects were prepared by dissolving uric 

’ The department is in part supportei by the Michael 
Kecse Flesearch Foundation. 


acid in 0.05 N sodium hydroxide. The solutions were 
neutralized and sterilized by Berkfeld filtration. Only a 
few such experiments were performed as we, like a num- 
ber of previous workers, have found these solutions to 
produce frequently unpleasant reactions, chiefly nausea 
and vomiting. These reactions could not be ascribed to 
any possible decomposition products since 100 per cent of 
the added urate was recoverable as true urate by analysis, 
even after standing for 1 to 2 days. Nucleic acid was 
given orally in 1.0-gram gelatin (apsules; doses as high 
as 20 grams appear to be fairly well tolerated. Below 
10 grams, there are no untoward effects; but single doses 
in the 10- to 20-gram range may cause transient malaise, 
hypotension, and vasodilation in the second hour, pre- 
sumably attributable to adenosine. Other solutions of 
purines used in animal experiments were made up in .05 
N NaOH. 

All determinations were done on plasma or serum rather 
than on whole blood. Altliough the Folin uric acid pre- 
cipitation is supposed to be an “unlaked blood” method 
(t.c. the red cells are precipitated without hemolysis) 


this is not true (13). In addition, the red cells contain a 

large amount of ergothionine which gives considerable 

urate color. 




TADLE 1 

[ 



Effect of fasting on plasma total urate, chromogen and true 

urate concentrations in 
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RESULTS 

The endogenous origin of chromogen. Tabic I 
shows the effect of fasting upon the plasma con- 
centrations of chromogen in man and in the dog. 
These results, which show that chromogen con- 
centrations do not decline upon fasting, indicate 
the endogenous origin of this substance or group 
of substances. 

The known urate chromogens. A large number 
of substances (Table II) are not attacked by uri- 
case but do give color in the uric acid reaction. 
It is, however, possible to conclude that most of 
these substances cannot be responsible for the ob- 
served plasma concentrations of chromogen. 

The non-purine substances with large chromo- 
genic equivalents (ascorbate, resorcinol, cystine, 
glutathione, and ergothionine) are not present 

TABLE n* 

Ability of certain substances to produce color with the uric 
acid reagents, with known chromogenic equivaletits\ 


Substances which give color 

Chromogenic 

equivalent 

l-methyluric acidj 

1.05 

Uric acidj 

1.00 

1,3-dimethyluric acid 

0.51 

Ascorbic acid§ 

0.44 

Resorcinol 

0.32 

3-methyluric acid 

0.31 

Ergothionine^ 

0.24 

Uric acid-9-riboside 

0.17 

1,7-dimethyluric acid 

0.02 

Cystine 

0.005 

Glutathione 

0.005 

3,7-diinethyluric acid 

0.004 

1,3,7-trimethyluric acid 

trace 

7-inethyluric acid 

trace 

6-amino-2,8-dihydroxy-purine 

unknown 


Substances which do not give color 

Adenine 6-ainino-8-hydroxy purine 

Guanine 8-hydroxy-purine 

Xanthine 6-amino-2-hydroxy purine 

Hypoxanthine 2-thioxanthine 

Methylxanthines _ AUantoin 

Oxyacetylene-diurein- 

carboxylic acid 

* Data chiefly from Buchanan, Block and Christman 
(3,4), Booth (29), and Falconer and Gulland (30). We 
have confirmed the chromogenic equivalents for the 
methyluric acids and for resorcinol reported by Buchanan, 
Block and Christman (3,4). From the observation that 
uricase action upon uric acid gives rise only to non- 
chromogenic products, it is inferred that oxyacetylene- 
diurein-carboxylic acid, the chief reaction product (31), fs 
non-chromogenic. 

t The chromogenic equivalent is the number of milli- 
grams of uric acid required to give a color equal in inten- 
sity to that produced by 1.0 milligram of the substance 
being tested. 

t Precipitated by silver reagents. 

§ When ascorbic acid is added to plasma samples treated 
routinely with no special precautions to prevent oxidation, 
the chromogenic equivalent is approximately 0.20. 


either in plasma or urine in concentrations large 
enough to account for the amounts of chromogen 
present. (See Table II.) In addition, the data 
of Buchanan, Block and Christman (3, 4) appear 
to indicate that the endogenous chromogen is not 
precipitated by their silver reagent which pre- 
cipitates ergothionine quantitatively. 

On the other hand, the methylxanthines of die- 
tary beverages (theophylline, theobromine, caf- 
feine), when o.xidized in intermediar}' metabolism, 
give rise to methylurates of considerable chromo- 
genic value (4, 14). Coffee, tea, and chocolate, 
however, can hardly account for the plasma and 
urine chromogens in the animal, in the fasting hu- 
man, or in subjects on a purine-free diet. 

One substance may deserve more study than it 
has yet received. Some years ago, Minkowski and 
other workers (15, 16) found that when large 
amounts of adenine were fed to animals, a purine 
derivative was deposited in the cells of the renal 
tubule. Raska (17) has recently made a similar 
observation. Upon analysis, this purine proved 
to be 6-amino-2,8-dihydroxy-purine. It is known 
to give color with the uric acid reagents and its 
precursor, oxyadenine (6-amino-2-oxy-purine), 
has been found in pig blood (IS). We are aware 
of no studies indicating either its occurrence or 
absence in human intermediary metabolism. 

It is apparent that if the endogenous chromogen 
is of purine origin, as we shall attempt to show, it 
must be very similar to uric acid in order to give 
appreciable color. The minimum criteria appear 
to be the presence of 2 oxygen atoms in the 2, 6, 
and 8 positions with another radical in the third 
position or 3 oxygen atoms in these loci. Most 
of the substituted uric acid derivatives, however, 
give considerably less color than urate itself. The 
breakdown products of uric acid are not chromo- 
genic, and precursors as similar as the dihydroxy- 
purines also are not chromogenic. 

Since it is possible on tliese most elementary 
chemical considerations tentatively to eliminate 
most known urate derivatives, the endogenous 
chromogen appears to be a substance the composi- 
tion of which is as yet not known. 

Occurrence and distribution of chromogen. In 
Table III we have summarized a large body of data 
concerning the values for true urate and chromo- 
gen in various biological fluids (19). It is ap- 
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TABLE lU 


Urale partilion in certain hidlog^al fluids* . 



Num- 

ber 

of 

Total 

Chro- 

True 

True urate 
Total urate 


urate 

mogen 

urate 

Aver- 
age 1 

S.D. 

Sects 


Human subjects 


Plasma, normal 

31t 

4.76 

0.74 

4.02 

0.846 

±0.032 

Plasma, gout 

171 

8.82 

0.88 

7.94 

0,900 

±0.025 

Urine, normal 

13 

.52 

.08 

.44 

0.850 

±0.097 

Urine, gout 

12 

.40 

1 

.07 

.33 

0.840 

±0.056 

Clearance, 

13 

10.53 

8.55 

11.00 

1.044 

±0.137 

normal 







Clearance, gout 

12 

5.79 

6.07 

5.74 

0.992 

±0.097 

C.S.F., normal 

n 

0.67 

0.41 

0.26 

0.392 

±0.137 

Dogs 

Plasma, normal 

9 

1.03 

0.60 

0.43 

0.419 

±0.164 


* Plasma and C.S.F. values are milligrams per 100 ml. 
Urine values are milligrams per minute per 1.73 sq. m. 
Clearance values are ml. of plasma cleared per minute per 
1.73 sq. m. 

t Average plasma values were obtained on larger groups 
of subjects, both normal and gouty, than were urine and 
clearance values. Urine and clearance results quoted were 
obtained simultaneously and in the same individuals. 

i The data for normal C.S.F. are those for pooled normal 
fluids (10). 

parent that the chief constituent of the total 
urate values in human plasma and urine, both in 
normals and in persons tvith gout, is true urate. 
In fact, the proportion of total urate formed by 
true urate is so regular that it may safely be esti- 
mated by a conversion factor. Similarly, there is 
little difference between the total urate and true 
urate clearance, a point of importance when con- 
sidering tlie results of earlier investigation. 

The clearance of chromogcn is similar in magni- 
tude to that of true urate, and is reduced in gout 
as is that of true urate, observations whicli again 
point to its resemblance to uric acid and certainlv 
suggest it to be a purine derirative. 

However, in normal human cerebrospinal fluid 
(10) and in dog plasma (19), the situation is 
somewhat different. Here, chromogc.': forms over 
50 per cent of total urate values, and the ratio of 
true urate to total urate is sufficiently irregular 
that it appc.ars har.ardouc to empli^y a conversir.n 
factor. 


Observations on ultrafiltrates of human plasma 
([10], Table III) show considerably less plasma 
binding of chromogen than of true urate, when 
cellophane ultrafiltration is used as the criterion 
of binding. Moreover, the C.S.F./plasma ratio 
for chromogen is considerably greater than for 
true urate ([10], Table I). 

We have been fortunate enough to observe a 
patient with chronic monoblastic leukemia and 
gout who had an output of urate of 2.95 mgm. per 
minute or about 6 times normal. In tliis patient, 
both true urate and chromogen were excreted in 
increased amounts, the chromogen excretion being 
about 4 times normal. 

Site of origin of chromogen. In the dog, rabbit, 
and monkey, removal of the liver (or eviscera- 
tion), is followed by a rise in plasma uric acid ow- 
ing to the removal of hepatic uncase which nor- 
mally converts uric acid to allantoin (20 to 24). 
If the renal pedicles are ligated, or the kidneys re- 
moved, excretion of urate and allantoin is pre- 
vented, maWng it possible to study the peripheral 
production of urate by obserration of the plasma 
uric acid level. In this eviscerated-bilatcrall)*- 
nephrectomized preparation, the rise in plasma 
urate, at least for the first few hours postopera- 
tively, is linear, indicating that, citlier reduction 
of urate to its precursors is not affected by rising 
plasma levels or that breakdown rates and re- 
srmthesis rates are so balanced as to mask this 
effect. 

In the eviscerated-bilaterally-nephrcctomizcd 
dog (Table IV), operation is followed by a rise 
in both true urate and chromogcn. This appear.s 
actually to depend upon the rate at which urate 
precursors are made available, since the injection 

TArLE IV 
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COHCElITRATlOJi 



Fig. 1. Effect of Hypoxanthine Injected Intrave- 
nously IN Hepatectomized Dog 


of xanthine or hypoxanthine (Figure 1) into this 
preparation is followed by a rapid, simultaneous 
rise in both plasma true urate and plasma chromo- 
gen. However, while these data indicate that 
chromogen may be formed in the peripheral tissue, 
they do not exclude the possibility that it is de- 
rived from urate. 

Effect of urate and its precursors in man. In 
man, the oral administration of large doses of nu- 
cleic acid (Figure 3) leads to increased excretion 
of both true urate and chromogen. Freyberg, 
Block and Geib (25) have shown that administra- 
tion of adenine or guanine has similar effects. 

Man, however, is particularly suitable for the 
study of the possibility that chromogen may be 
formed from urate in the peripheral tissue since 

Plassia 

COKCENTRATION 

mgm. per 100 ml. 



Fig. 2. Effect of Continuous Intravenous Infusion 
OF Sodium Urate in Human 
One-half gram of sodium urate solution, 100 mgm. 
per 100 ml., was injected between 0.5 and 1.5 hours. 


he lacks the hepatic uricase of the dog. The re- 
sults of this experiment (Figure 2) showed that 
the continuous intravenous injection of urate solu- 
tions leads to a rapid rise in both plasma true urate 
and chromogen. Since it is possible to recover 100 
per cent of urate added to plasma or blood in 
vitro, one must conclude that some system, pre- 
sumably enzymatic, located in the peripheral tis- 
sue, or located in the blood and very susceptible 
to spontaneous breakdown, is responsible. 


Urinary Excretion 
per cent of basal \-alue 



Fig. 3. Effect of a Single IS.O-Gram Oral Dose of 
Nucleic Acid upon the Urinary Excretion of True 
Urate and of Chromogen 


Effect of uricosuric drugs on chromogen excre- 
tion. Another similarity between urate and chro- 
mogen lies in the response to the uricosuric group 
of drugs, those agents which increase urate out- 
put in urine and decrease its plasma level. All 
the-uricosuric drugs so far investigated (cincophen, 

TABLE v 

Kffecl of diodrasl upon urine urate partition in a 
normal human subject 

Ten ml. of 35 per cent diodrast were injected intra- 
venously at the end of the first hour, and at the end of the 
second hour. 


Hour 

Total urate 

Chromogen 

True urate 


mgm . i>cr min . 

mgm . per min . 

mgm . per min . 

1 

0.64 

0.13 

0.51 

2 

2.66 

0.31 

2.35 

3 

2.09 

0.20 

1.89 

4 

1.07 

0.18 

0.89 

\ 
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salicylate, diodrast) have been found to increase 
the output of chromogen as well as that of true 
urate (26). The results of a typical experiment 
with diodrast are shown in Table V. 

The chromogen content of a gouty tophus. Be- 
cause of the many similarities in the physiological 
behavior of true urate and chromogen, we were 
interested to see whether chromogen, like true 
urate, is deposited in the gouty tophus. 

A large surgically removed tophus was made 
available for analysis.* This analysis (Table VI) 
was distinctly surprising in that it showed the 
virtual absence of chromogen. 


TABLE 

Analysis of surgically removed tophus 


Weight of sample 

pami 

5.500 

Water 

3.100 

Connective tissue 

1.000 

Total urate 

0.681 

Chromogen 

Negligible 

True urate 

0.681 

Cholesterol 

0.055 

Caldum 

0.007 

Patient’s plasma on day 
preceding operation: 

Total urate 

mem. fer 100 ml. 

7.3 

Chromogen 

0.7 

True urate 

6.6 


Apart from its physiological importance as dif- 
ferentiating the behavior of true urate and endo- 
genous chromogen, this finding appears possibly to 
have practical significance in the management of 
gout. Ordinarily, coffee, tea, and chocolate are 
forbidden to the gout patient because it is com- 
monly supposed that they may give rise to uric 
acid and so increase tophaceous deposits. Ac- 
tually, the methylxanthines of these beverages are 
metabolized to methylurates (3, 4, 14) ; these sub- 
stances are not attacked by uricasc and are there- 
fore chromogens. Since, apparently, no chromo- 
genic substance is deposited in the gouty tophus, 
it is obvious that the methylurates of exogenous 
origin do not contribute to tophus formation, and 
need not be eliminated from the diet on this 
account. 

DISCUSSION 

\Vc may now briefly summarize our present 
data on the endogenous uric acid-Iikc chromogen. 
This substance (or substances) is shown to t>c 


endogenous in origin since its plasma concentra- 
tion and urine output are not markedly diminished 
by fasting. It originates spontaneously with urate 
in the peripheral tissue of the dog and may be 
formed from xanthine or hj-poxanthine by the 
peripheral tissue of the dog. In man, who lacks 
uricase and appears to be comparable to the hepa- 
tectomized dog, chromogen is also formed from in- 
gested urate precursors, as is true urate. How- 
ever, injected urate also leads to chromogen 
production so rapidl}' as to suggest an enzymatic 
conversion. The data permit no conclusion as to 
whether the conversion of endogenous chromogen 
to urate is reversible physiologically; although it 
is clear that neither conversion occurs in vitro. 

Data on a patient with leukemia and gout indi- 
cate that when urate is overproduced, chromogen 
is also overproduced. The chromogen clearance 
is of the same order of magnitude as the true urate 
clearance in man ; and both are decreased in gout. 
Furthermore, the uricosuric drugs which increase 
urate excretion also increase chromogen excretion. 

Thus, there are many resemblances between the 
behavior of true urate and of chromogen, but there 
also are some differences. Unlike true urate, 
chromogen is not attacked by uricase. It appears 
to be somewhat more freety ultrafiltrable from 
plasma through cellophane than is true urate 
( [10], Table III). It is not deposited in the gouty 
tophus (Table VI). There is a suggestion that, 
unlike urate, it is not precipitated by silver rea- 
gents (4). A critical survey of the known purine 
derivatives which might satisfy these criteria re- 
veals that none appears to be satisfactory. A pos- 
sible exception is 6-amino-2-S-dihydroxypurinc, 
but so little is known of the physiolog)' of this 
substance tliat a decision as to its importance can- 
not be reached. 

In 1939, Ball (27) rcpx:irtcd that the cndproduct 
obtained when purified xanthine oxida?e acted 
upon h\-po.xanthinc was a substance not attacked 
by purified uricasc, in spite of t:;c fact that the oxy- 
gen consumption was th.at predicted for r;ric acid 
formation. If cith.er crude xar.ti.ine oxidr.'e cr 
crude uricasc were su'.stitutfd frr the jure en- 
zeine in tlais experimental s'.'stem, the rearti-n c* n- 
tinued to compiction. 


-Through the kiri'ir.ess of Dr. E. F. Ko'er.berr. 
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the lactam and lactim tautomers of uric acid might 
be stable enough to coexist in biological fluids un- 
der certain circumstances. It is true that Ball’s 
experiment required extremely precise conditions 
and, while this is undeniably an objection, it does 
indicate that in a suitable biological system m vitro, 
there may be a tautomer of uric acid which is not 
attacked by uricase. Guanase may possibly have 
such a selective action ; this was suggested by the 
finding that it attacks the methylated derivatives 
only of the lactam tautomer of guanine (28). A 
more pertinent objection to identifying Ball’s sub- 
stance with our endogenous chromogen lies in the 
fact that our chromogen is not attacked by the 
uricase we use, which is a crude, defatted, kidney 
extract. At present, our feeling is that the chromo- 
gen is more likely to be a tautomer of urate than 
a substance such as 6-amino-2,8-dihydroxy-purine ; 
but this is based solely on an impression that the 
amino substitution is unlikely from our present 
knowledge of the behavior of urate in the body. 

Two findings appear to be of practical clinical 
importance. The observation that a gouty tophus 
contains only true urate and no chromogen, endo- 
genous or exogenous, when considered in the light 
of our present knowledge that dietary methylxan- 
thines give rise to methylurates and not to uric 
acid, appears possibly to indicate that the patient 
with gout need no longer be penalized by having 
coffee, tea and chocolate removed from his diet. 
So far as accelerating the rate of tophus deposition, 
these beverages appear innocuous. 

The other, probably more important, conclusion 
bears upon the moot question of the reliability of 
the colorimetric estimation of urate. Our data 
show quite clearly that the relation between true 
urate and total urate in normal and gouty plasma 
and urine is so uniform that, if desired, true urate 
may be estimated from total urate values by a 
conversion factor. In addition, a large body of 
urate clearance data obtained by various investi- 
gators before the introduction of the uricase 
method has been shown to be almost as accurate 
as if true urate clearances had been studied, since 
the total urate clearance is almost exactly equal to 
the true urate clearance. 

There is no question that one should use true 
urate determinations for maximal physiological 
precision, or when stud3nng material other than 
human plasma and urine. However, when an esti- 
mate of the quantitative rate of nucleoprotein 


breakdown or turnover is desired, total urate de- 
termination appears to give a more complete pic- 
ture. The chromogens discarded in the true urate 
determination appear to be as much a part of nu- 
cleoprotein metabolism as is true urate and, in 
fact, may arise from urate in the body. Only under 
unusual conditions, such as the ingestion of mas- 
sive doses of caffeine, does the colorimetric deter- 
mination on human plasma and urine become in- 
accurate. In contrast, the colorimetric determina- 
tion of urate in human plasma or urine appears to 
be an entirely satisfactory method for clinical use 
and rather gains, than loses, in value because of 
a slight degree of non-specificity. 

SUMMARY 

Biological fluids contain material which gives 
the arsenophosphotungstate reaction for urate but 
which is not attacked by uricase. A portion of 
these chromogenic substances appears to be pu- 
rine in nature and endogenous in origin. In many 
ways this endogenous uric acid-like chromogen re- 
sembles true uric acid, but it also has several differ- 
ences in behavior. 

The chromogen is known to be endogenous in 
origin since neither its plasma concentration nor 
urinary output is markedly affected by fasting. 
Unlike urate, it is not precipitated by silver, and 
it is somewhat more diffusible through cellophane 
and through the blood-brain barrier than is true 
urate. Increased urate production due to leukemia 
or induced by the feeding or injection of urate 
precursors leads to increases in chromogen produc- 
tion. This also occurs, however, when urate is 
injected intravenously. The chromogen clearance 
is of the same order of magnitude as the true urate 
clearance, and is similarly reduced in gout. Uri- 
cosuric drugs increase the chromogen excretion 
as well as true urate excretion. 

For ordinary clinical pathological studies, the 
colorimetric determination of urate in plasma and 
urine, including both true urate and chromogen, 
appears to give a better picture of the overall 
rate of purine turnover than does the uricase 
determination. Moreover, the true urate to total 
urate ratio in human plasma and urine is suffi- 
ciently constant so that true urate may be re- 
liably estimated from total urate. The true urate 
clearance does not differ appreciably from the 
total urate clearance. However, in human cerebro- 
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It is not known whether the deterioration in cir- 
culatory efficiency which follow'S sodium chloride 
loss is related primarily to the hypotonicity, to the 
changes in the volume of fluid in the various com- 
partments, or to both. In experimental salt de- 
pletion produced by means of the intraperitoneal 
injection and subsequent removal of glucose solu- 
tion, both of these factors invariably coexist. As 
sodium and chloride ions enter the intraperitoneal 
fluid, water moves into the cells in response to 
osmotic forces. Diminution of the Volume of ex- 
tracellular fluid and plasma, swelling of the cells, 
and generalized hypotonicity are the inevitable end 
results (1, 2, 3). Since tliese changes occur 
rapidly and almost simultaneously, it is difficult to 
ascribe the primary causative role in the circulatory 
collapse which ensues to any one factor. It is con- 
ceivable, on theoretical grounds at least, that all of 
these changes are important. It is quite possible, 
for instance, that the hypotonic and swollen cells 
of the cardiovascular system become inefficient. 


a period of 1 liour in amounts sufiicicn' con- 
centration of serum electrolytes to yj of 

the initial value. After 3 to 4 hours s received 

additional infusions. Two were s•^Ii^e 

in volumes sufTicicnt to restore' 
fluids. The third received 6 ®oLtion 

containing sodium chloride ' ^^'^centrations (0.2 
per cent). 1 ^ 

B. Restoration of isoto'i f ( ‘nresis in salt- 

depleted animals. Two '! depleted of 

salt by the standard ter^j,. 

cose solution intrapr; ^ kgm., and 

withdrawing it aftr 1 overnight 

diuresis was then 350 . - s by means of 

an intravenous ir’ solution 

and 300 ml. of/' r ^ per cent 

glucose rcsp-r„.„„ . 

of a subscQU' ' per cent..- 

^ of water 

In ular compartment were calcuhfM r 
from tv diloride space (4) from 

chan^'^rc were estimLd fr. in the 

Pla-'SII volume and iu .L homoS "■ 
ti-yrial blood fl) Ch-, ':^°Slpom concenfra- 

Jc „b,m“cd "y- sumS:”,;"' V™' of cell 
— ' suDiractmg the increments 


or 

in 


while the blood thickens and becomes more diffi- e.vtracenular water from the dian"^^ ^ 

cult to move through the vessels. ^ bodf wethi"- ' “^‘'“’^‘cd^from 

To clarify the relative significance of each.hrs the weight change was’ P^'^iods lasting 20 

these changes in the production of salt deple'^ '■‘on according to tJie TnetaboH^**^'^- 
shock, further experiments have been con^ of transfers of sodium 

in which hypotonicity and the state of hyd^ vestSed^Jom"d “'"Partments ‘wer^aholT 

extracellular and cellular fluid have be^u tracellular Huid corfTTV" ''^"''^"‘'■ation in ex- 
in directions other than those seen in o/sf these ions. The ^"d output of 

depletion. A (5) The herf 

/ vals during the course inter- 

urement of: (a) the ^ ^Ponments included meas- 
by means of i„lf4 " 

-.0™/ blood pressu”: b, dlTtme: ; 

(0 the cardiac output by the dTrec, S 
upon the rate of oxygen cono.m'- b»ted 

■" the oxygen content of arlerW hl'L’f 

and mfxed venous bUd ^70 ^ 


MATERIALS AND METiq/, ««*' 

: -ucose 

A. Dilution of the body fluids in iis.nd the 
mals. The effects of an infusion ^j^phrecto- 
solution on the composition of tfi ne second 
efficiency of the circulation wer^ nembutal 
mized dogs on the day followi'^ to 7 days 
kidney. The kidneys were ' Cing the first 
anaesthesia via a retroperitoV nistered during 

of convalescence were Research Fund of 
operation. The glucose '• • 


V Aided by a grant 
Yale University. 

- Dr. Winkler di 



results 

1002 “f 5 per cent glucose 



TABLE I 

Exchanges of -water, elcclrolytes, and nitrogen 





VOLUME AND TONICITY OF BODY FLtilDS IN SALT DEPLETION SHOCK 


1005 


solution produced hypotonidty, an expansion of 
the extracellular fluid volume in all experiments, 
as well as an increase in the water of tissue cells 
in 2 of the 3 animals (Tables I and II). Despite 
this marked distortion in the concentration of the 
electrolytes and a swelling of tissue cells quite as 
great as that witnessed in salt depletion, circulatory 
efficiency was not adversely affected. The mean 
arterial pressure and the circulation time were 
unaltered. The cardiac output was moderately de- 
pressed prior to the dilution of body fluids in the 
2 experiments in which initial observations are 
available. This was presumably related to the re- 
cent nephrectomy. It is highly significant, how- 
ever, that it did not decline further following the 
intravenous glucose solution. As a matter of fact, 
in one of the dogs (Experiment 115), the cardiac 
output rose to a level that was well above normal.® 
These findings are in direct contrast to the pro- 
found deterioration of the circulation which ac- 
companies salt depletion (1). 

The subsequent restoration of a normal concen- 
tration of serum electroljdes in Experiments 1 lOB 
and 113 by means of hypertonic saline resulted in 
a normal and a supranormal cardiac output, re- 
spectively, in contrast to the previous moderate!)' 
depressed values. Expansion of the plasma vol- 
ume without restoration of tonicity in Experiment 
115 had no adverse effect on the already high nor- 
mal level of cardiac output. 

B. Restoration oj isotonicity by urea diuresis in 
salt-depleted animals. It is evident from Tables I 
and II that even though the hypotonicity of the 
body fluids and the swelling of the cells were par- 
tially or fully corrected by this dehydrating pro- 
cedure, circulatory dynamics either failed to im- 
prove or actually deteriorated. The volume of 
extracellular fluid declined further in both experi- 
ments. Replacement of the salt deficit and re- 
expansion of the extracellular fluid by means of 
saline partially restored the cardiorascular func- 
tion which had not been improved by the correc- 
tion of the h\-potonicity (Experiment 114). 

In none of the experiments in this group nor in 
the ncphrcctomiicd aniiuals was any significant ex- 
change of extracellular sodium for cel! potassium 
detected. In the ncplirectomircd animals a large 

® Mean c.ardi.ic ir.dc.x in normal do.cs ua? :o'.:r.d t-y tl'-e 
authors to bo 5.^5 litorf rr.ir.uto •-‘Tuarc 

ruotcr (1). 


amount of intracellular base was apparently in- 
activated following the glucose infusion (Table II) 
(7). This was reflected in the disproportionately 
large volume of the administered fluid which re- 
mained in the extracellular phase. The alternative 
explanation is that a water gradient was present 
which decreased between 2.5 and 4.5 hours (Ex- 
periment HOB). It is hard to believe that such a 
long period was necessary for the distribution of 
water to equilibrium. The unequal phase of dis- 
tribution could also be accounted for by the entry 
of chloride into cells; such a phenomenon, how- 
ever, would in no way affect the calculation of ex- 
changes of total water and total osmotically active 
base. Following the administration of hypertonic 
saline or of low salt colloid, this base once again 
became osmotically active. 

DISCUSSION 

For purposes of discussion published data on 
simple dehydration and on salt depletion studies 
are summarized in Figure 1 for comparison with 
the dilution experiments in the nephrectomized 
animals. Analysis of tliesc 3 sets of e.xperiments 
permits certain generalizations. It is immediately 
apparent that an c.xpansion of the body water, as 
■in the dilution studies with nephrectomized dogs, 
does not interfere with circulatory efficiency (Col- 
umn A). A decrease in the total body water, on 
the other hand, such as that which occurs in sim- 
ple dehydration docs impair cardiovascular func- 
tion to a limited degree (Column B). This is evi- 
dent in the drop in the cardiac output, but the 
decrease is by no means marked or consistent. In 
the third group of c.xperimcnts, those in which 
salt depletion was produced, profound deteriora- 
tion of the circulatory efficiency was present (Col- 
umn C). In these animals the total amount of 
Ijody water remained essentially unchanged. It 
is apparent, therefore, that c.xtensivc alterations 
in the total amount of body water can 1.K: induced 
with only moderate, if any, effect on cardiovr.'cular 
dynamics, and that marked circulatory inefficiency 
can develop even tr.o’.rgh th.c total volume of •.vater 
in the body rem-ains constant. Tl'.e'c fin.din.g' 
gest that factors other ir.-.r. the total l-'-dy water 
condition cardiova'citl.ar ft:ncti''ti. 

Stiicv of tr.f v.b.ic!'* !r. vzirf'*!* 

r.f th^ trtn! ir / 
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Procedure: 
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Fig. 1. Changes in Circulatory Dynamics Fol7,o\ving Various Alterations in 

THE Body Fluids 

Each column represents the mean value for the number of experiments indicated. 
Columns B and C are taken from previously reported data (1). The changes shown 
were produced in animals with normal body fluids. It is evident that a decrease in 
both volume and concentration' (salt depletion experiments in Column C) causes more 
profound circulatory deterioration than does a similar change in either volume alone 
(water depletion experiments in Column B) or in concentration alone (water excess 
experiments in Column A). 


groups of experiments serves to identify some of 
these factors. In the dilution experiments with 
the nephrectomized preparations, cell water, extra- 
cellular water, and plasma water were all overex- 
panded without circulatory impairment. In the 
simple dehydration experiments all of these com- 
partments were contracted in volume with some 


attendant deterioration of the circulation. In the 
third group of animals, those depleted of salt, only 
the extracellular water and the plasma water were 
decreased,’ and yet profound shock was present. 
The decrease in the plasma volume, however, was 
much greater in the salt-depleted dogs than in the 
simple dehydrated animals. It would appear, there- 
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fore, from th^e experiments, as it lias from -work 
on other types of shock, that the volume of plasma 
is an important factor in the development or mani- 
festations of the salt depletion shock state. The 
increase in the volume of cell water which attends 
salt depletion is probably not a contributing factor, 
since similar degrees of cellular overhj'dration in 

HhtTipy: 

Kusber oT cxpericenta: 


the diluted nephrectomized dogs had no deleterious 
effect on the circulation. 

Up to this point no accoimt has been taken of 
the changes in tonicity which accompany these 
manipulations of the water in the various compart- 
ments of the body. The bodj' fluids of the dehy- 
drated animals were hypertonic, while the salt- 
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depleted dogs became hypotonic. Since hyper- 
tonicity was accompanied by less striking changes 
in the circulation, hypotonicit)^ as seen in salt de- 
pletion, would appear to have a significantly greater 
adverse effect on cardiovascular function. Hypo- 
tonicity, however, cannot be the sole determinant, 
since a comparable lowering of the concentration 
of body electrolytes was produced in the dilution 
experiments with nephrectomized dogs without im- 
pairment of the circulation. In these animals, how- 
ever, in contrast to those depleted of salt, the vol- 
ume of body water was expanded rather than 
contracted. 

These facts suggest, therefore, that not only the 
volume of fluid in the body and its various com- 
partments, but also the concentration of electro- 
lytes present are important determinants of 
whether or not salt depletion shock develops. 

The statement that both the volume of extra- 
cellular fluid and plasma and the concentration of 
electrolytes in the body fluids operate in maintain- 
ing the integrity of the circulation can be further 
supported by analysis of the responses of salt de- 
pletion shock to various forms of treatment. From 
Figure 2 it is immediately evident that restoring 
concentration alone, as in the urea diuresis experi- 
ments (Column A), or restoring volume alone as 
in the animals given glucose solution (Column B), 
failed to relieve the circulatory collapse produced 
by salt depletion. Yet when both volume and con- 
centration were restored by saline infusions (Col- 
umn C), prompt recovery from shock was ob- 
served. 

The finding that both the volume of body fluids, 
especially plasma, and the concentration of electro- 
lytes in them are important factors in maintaining 
circulatory efficiency has many clinical implica- 
tions, The most obvious of these lies in the well- 
known fact that extensive depletion of body water 
and electrolytes, as in patients who sweat or who 
have losses of gastrointestinal fluid, can coexist 
with isotonicity. These normal concentrations, 
however, can no longer be viewed with the as- 
surance that they protect the organism against salt 
depletion shock, nor can they be interpreted as 
evidence against a need for salt and water. This 
is true even though isotonicity is encountered only 
in the less severe degrees of salt depletion. None- 
tlieless, in these patients as well as in those with 
greater salt deficits, when volume is restored to- 


nicity should be maintained. If salt solutions alone 
do not restore cardiovasailar efficiency, supportive 
treatment with colloid solutions is indicated. 

It should be pointed out, however, that hypo- 
tonicity is not ncce.ssarily the result of a loss of 
salt in cxcc.ss of water. It can also indicate simple 
dilution, as in anuric or oliguric patients treated 
witli excessive amounts of non-clcctrolytc con- 
taining fluids. The problem becomes even more 
complicated when both depletion and dilution arc 
present in the savuc subject, as in nephritics and 
patients on a limited intake of salt during periods 
of salt loss. Irrespective of whether the hypo- 
tonicity is the result of depletion or dilution, the pa- 
tient should receive treatment which restores the 
concentration to normal. Withholding salt in such 
patients because of the fear of augmenting edema 
or congestive heart failure may prove to be a seri- 
ous error, whereas the circumspect use of saline 
almost always turns out to be cither beneficial or 
benign (S, 9), 

SUMMARY AND CONCLUSIONS 

1. Hypotonicity of body fluids produced by glu- 
cose infusions in nephrectomized dogs with intact 
body salt stores did not impair circulatory effi- 
ciency. 

2. Elimination of hypotonicity and cellular over- 
hydration following urea diuresis in dogs in salt 
depletion shock, without replacement of salt defi- 
cits and extracellular fluid reexpansion, failed to 
improve cardiovascular dynamics. 

3. Both the volume of fluid in the body, particu- 
larly the volume of plasma, and the tonicity of this 
fluid are important factors in salt depletion shock. 
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It is well established that increased intra-abdomi- 
nal pressure alters renal function. In experi- 
mental animals, distention of the abdominal cavity 
under pressures greater than IS mm. of mercury 
usually reduces urine flow and, under pressures 
greater than 30 mm., stops urine flow altogether 
(1). In man, a tense accumulation of ascitic fluid 
may be associated with oliguria and the retention of 
water and salt, which disappear following para- 
centesis (1). In one respect, increased intra-ab- 
dominal pressure seems to improve the function of 
the kidney, for the urine may become highly con- 
centrated during the period of oliguria. This ef- 
fect has found practical application in the hands of 
radiologists (2, 3), who use abdominal compres- 
sion during intravenous pyelography to assure 
maximum density of the contrast media excreted 
by the kidneys. 

Until the present there has been no satisfactory 
explanation for these alterations in renal function 
during abdominal pressurization. It has been sug- 
gested that they are due to partial urinary obstruc- 
tion (3), but the radiologic evidence is against 
this explanation (4). Urine flow may be in- 
creased by diuretics during the application of pres- 
sure in experimental animals, indicating the ab- 
sence of obstruction. Thorington and Schmidt 
(1) have called attention to the possibility that the 
associated increased renal venous pressure may in- 
terfere with normal blood flow through tire kidney 
and disturb renal function. 

Recently, abdominal compression has been used 
as a means of protecting airmen against the ill- 
effects of centrifugal force (positive G) (5). It 
was assumed that pressurization prevents the 
pooling of venous blood in the abdominal veins and 
sustains the return of blood to the heart. The 

1 This work was done under a contract, recommended 
by the Committee on Medical Research, between the 
Office of Scientific Research and Development and the 
Massachusetts Memorial Hospitals. 


present study, undertaken primarily to determine 
whether such procedures have detrimental effects 
on the alxlominal organs (6), revealed that the 
diversion of arterial blood from large visceral cir- 
cuits to more vital regions, such as the brain, is 
also an important factor. 

METHODS 

The clearance and saturation methods devised by Smith 
and his coworkers (7 to 9) were used to evaluate renal 
hemodynamics and tubular activity during abdominal com- 
pression in 17 normal liuman subjects, ranging in age 
from 17 to 50, almost equally divided as to sex, and clin- 
ically free of cardiovascular and renal disease. The ef- 
fective renal plasma flow was measured by the diodrast 
or p-aminohippuratc (PAH) clearances; and the glomeru- 
lar filtration rate, by the mannitol or inuHn clearances.^ 
The maximal rate of tubular glucose rcabsorption (glu- 
cose Tm) and the ma.\imal tubular diodrast e.xcretory 
rate (diodrast Tm) were determined to estimate tubular 
function and to assess the distribution of filtrate and per- 
fusate to tubular tissue. 

The pressure within the abdomen was increased by in- 
flating a rubber bladder witli air under pressure, beneatli 
a girdle tightly applied to the abdomen. The bladder, 
sewn into a pocket in the girdle, covered the anterior ab- 
dominal wall. Pressures between 70 and SO mm. Hg 
were applied during the determination of clearance and 
Tm values. These pressures were usually endured by the 
subject without complaint. Occasionally, however, slightly 
lower pressures were required or the period of application 
was shortened because of discomfort and respiratory 
difficulty. Among the subjects of the studies reported 
here, only very slight changes in blood pressure were ob- 
served during pressurization. 

All subjects were examined in the basal fasting state, 
resting quietly in bed. Following the establishment of 
appropriate plasma levels of the test substances by a 

- A supply of sterile solutions of sodium p-amino- 
hippurate (20 per cent) and mannitol (25 per cent) was 
made available for use in this study through the courtesy 
of the Medical Research Division of Sharpe and Dohme, 
Incorporated, Philadelphia, Pennsylvania. Diodrast \vas 
obtained in sterile solution (35 per cent) from the Win- 
throp Chemical Company, New York City; and inulin 
(10 per cent) from William R. Warner and Company, 
New York City. 
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technique described at length elsewhere (7), the bladder 
was catheterized and washed out with a measured vol- 
ume of isotonic saline solution. Urine was then collected 
by catheter at intervals of 10 to 15 minutes and carefully 
measured. After 2 or more control periods had been ob- 
tained, abdominal compression was continuously applied 
for 10 to 45 minutes and 1 to 3 collections of urine were 
made during this time. On most occasions, 2 or more 
urine-periods were obtained after the pressure was re- 
leased. Samples of venous or arterial blood were taken 
at 30-minute intervals. 

Diodrast, PAH, mannitol, and inulin were determined 
in cadmium filtrates of plasma (10) and in dilute samples 
of urine, using methods described by Goldring and 
Chasis (8). Glucose was determined by the Helson- 
Somogyi method (11) in cadmium filtrates of plasma and 
diluted urine. Qearance and Tra values were calculated 
by the procedures of Smith (7, 8) . 

In another group, comprising IS subjects, a catheter 
uas placed in the renal vein and venous pressures meas- 
ured during the application of increased abdominal pres- 
sure. An extension of the technique developed by Cour- 
nand and Ranges (12) for the catheterization of the right 
atrium was employed. A small incision was made over 
a median basilic vein under local anesthesia and the vein 
secured by a suspensory ligature. A small longitudinal 
incision was then made in the vein with a bayonet scalpel, 
and an extra-length ureteral catheter ® with a curved tip 
(Coumand tip) was introduced into the lumen of the vein. 
Sterile isotonic saline solution flowed constantly through 
the catheter at a slow rate throughout the procedure to 
prevent blockage by clotting. The catheter was next 
passed into the superior mediastinum under fluoroscopic 
control and then into the chamber of the right atrium. 
The orifice of the inferior vena cava was entered with 
difficulty on many occasions, apparcntl}' owing to obstruc- 
tion by the valve of the inferior vena cara. This obstruc- 
tion could be passed by rotating the tip of the catheter to 
the right and posteriorly during passage tlirough the 
atrium. In the inferior vena cava, the tip was directed to 
the right and usually passed with little difficulty into the 
right renal vein. The catheter tip could be localized far 
out to the right side of the abdominal cavity below the 
shadow of the liver. The left renal vein n-as catheterized 
less frequently and with somewhat greater difficulty. 
Pressure determinations were made in the renal vein and 
in tlic upper portion of tire inferior vena cava with a saline 
manometer after the method of kforitz and von Tabora 
(13). 

In 8 subjects, catheterization of the right renal vein 
was carried out for th.e determination o: th.c percentage 
extraction of P.-\H by the kidnej- durmg abdominal 
pressurization. In tins procedure, a censtan; pla'ma level 
of P.*\ll (I to 2 mgm. per cent) was establlsV.ed. Sam- 

’ T!;c c.-.t’f.e'.ers u‘ed in this ;tu !v were m-.nufactured 
ty the United States Catheter and 'instrument Cerp.-ra- 
t:;'-'., Glens I-alls, New Vcrla They art ICO emtimeters 
I n.: zml terminate in a rurse-1 tip (Censmand tip's ■nith 
1 esc 


pies of blood were obtained simultaneously from the right 
renal vein and from a peripheral vein in the arm opposite 
to that in which the infusion was administered. The ex- 
traction percentage was calculated by dividing the differ- 
ence between the concentration of PAH in the peripheral 
and renal venous blood by its concentration in the periph- 
eral blood. This snlue, the percentage of PAH removed 
from each milliliter of blood as it traverses the kidney, 
was determined before, during, and following application 
of abdominal pressure. 

RESULTS 

A. Alterations in renal blood flow and glomerular 
filtration during abdominal compression 

1. Intra-abdominal pressure and renal venous 
pressure 

When the rubber bladder of the abdominal 
pressure cuff was inflated with air at pressures be- 
tween 70 and 80 mm. Hg, it was found that intra- 
abdominal pressure measured at various locations 
within the abdomen averaged 20 mm. Hg, within 
a ver}’ small range. This value was determined 
with a saline or Hamilton manometer in the stom- 
ach, duodenum, and rectum by means of the Miller- 
Abbott tube (6), and in the bladder and renal pel- 
vis by catheters. Such a uniform elevation of pres- 
sure tliroughout the confines of the abdomen pro- 
vided eridence in support of the view that the ab- 
domen and its contents could be considered as 
relatively non-compressiblc and fluid in character, 
behaving in accordance with Pascal's law. The 
difference in pressure beUveen the cuff and the 
peritoneal cavity probably resulted from the re- 
sistance to compression by the abdominal wall and 
from the resistance to extension of pressure by 
the diaphragm. 

The pressure in the cuff represented, tlicrcforc, 
the average force e.xcrtcd upon tb.e anterior aVlom- 
inal wall, and did not necessarily rc.flcct tb.e pres- 
sure within the abdominal carity. As a m.atter 
of fact, the intra-abdominal prcs'urc varied con- 
siderably depending upon the state o: con.t.’r.rtion 
of the abdominal inuscinaturc. ti'.e .average 

flgime of 20 mm. Hg wa'; typirr.i of cenn.iete rc- 
la.xation, v.d:erea' pressure^ ac h.-y!’. a' 176 :r.m. Hr 
(Table I) were recorcle-; from ri'.e rcr.'.' v-in dv.r- 
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TABLE I 

Ivtra-abdomvial venous pressure before^ during, and 
after abdominal compression 

Pressure applied to anterior abdominal wall by pneu- 
matic girdle at 80 mm. Hg. Venous pressure was meas- 
ured with a saline manometer before, during, and after 
(recovery) the application of pressure. The pressures 
tabulated under "Strain” rvere obtained when the subject 
voluntarily increased his intra-abdominal pressure by a 
"bearing-down” mancus'er, during the application’ of 
pressure. 


Renal vein 


Subject 

Control 

Abdominal 

compression 

I 

i Strain 

1 

Recovery 


mm. He 

mm. He 

mm. He 

mm. He 

C. M. 

5.8 

18.1 

42.6 

5.8 

R. S. 

6.4 

20.2 

45.8 

9.6 

j.s. 

6.2 

17.6 

75.6 

— 

W, C. 

7.9 

20.2 

88.1 

— 

D. C. 

7.0 

22.1 

108.0 1 

5.7 

0. C. 

5.3 

14.1 

— 

— 

J.F. ' 

5.1 

18.9 

176.0 

— 

H. B. 

2.9 

17.8 

— 

— 

M.B. 

5.8 

16.0 

101.0 

8.2 


Inferior vena cava 


C. W. 

5.2 

13.6 

44.1 


O.C. 

2.4 

24.5 

38.1 

— 


culf pressure into the abdominal cavity. In cer- 
tain well-muscled individuals (J. Q., Table II) 
the absence of renal functional change during ab- 
dominal compression was ascribed to this factor. 

Owing to the technical difficulties involved in 
measuring and maintaining constant intra-abdomi- 
nal pressures, a constant compressional pressure 
was used during these studies, with the assumption 
that the averaged results could be discussed in 


terms of an average intra-abdominal pressure of 20 
mm. Hg. This proceeding seemed justified since 
the voluntary effort of resisting the cuff was fatigu- 
ing and not usually sustained. Most subjects 
quickly adjusted themselves to the compression 
and relaxed. 

Renal venous pressure partook in the general- 
ized rise of intra-abdominal pressure. In 9 sub- 
jects (Table I) the control renal venous pressure 
of 5.S mm, Hg increased to 1S,3 mm. on the aver- 
age. A similar increase of pressure in the upper 
portion of the inferior vena cava was obscr\'ed 
twice (C. W. and O. C,, Table I). It is probable 
that mean arterial pressure within the abdomen 
was not altered since extra-arterial pressures 
lower than diastolic pressure cannot affect intra- 
arterial mean pressure (14). Hence, the head of 
pressure at the beginning of the renal circuit 
probably did not rise during compression while 
the venous pressure increased 3- to 4-fold. Such 
a change in the gradient of pressure along the renal 
vascular tree might be expected to result in a re- 
duction of renal blood flow. This e.\pectation was 
borne out by clearance studies. 

2. The effective renal blood fiotv 

Figure 1 illustrates the renal hemodynamic re- 
sponse to abdominal compression. In this sub- 
ject (J. S.), the effective renal plasma flow (so- 
dium p-aminohippurate clearance, Cpah) re- 
mained relatively unchanged during the control 
periods, but fell strikingly from an average of 827 
ml. per minute to 270 ml. per minute during pres- 


TABLE II 

Effect of increased intra-abdominal pressure on renal plasma flow and glomerular filtration rate 
All figures, with the exception of those marked with an asterisk, are averages of 2 or more periods. 





Control 

j 1 

During pressure j 

1 

Recover!’ 

Subject 

Sex 

Age 

Glomer- 

Effective 



Effective 


Glomer- 

Effective 

Filtration 




ular 

renal 

Filtration 


renal 

Filtration 

ular 

renal 




filtration 

plasma 

fraction 

filtration 

plasma 

fraction 

filtration 

plasma 

fraction 




rate 

flow 


rate 

flow 


rate 

flow 





ml. per 
min. 

7nl, per 

min. 

per cent 

ml. per 
min. 

ml. per 
min. 

per cent 

ml. per 
min. 

ml. Per 
min. 

per cent 

H.B. 

Male 

21 

102.0 

827 

12.3 

*67.6 

640 ! 

10.6 

*98.5 

764 

13.0 

P. K. 

Male 

43 

113.0 

536 

21.0 

*^83.5 

432 

19.3 

*139.7 

686 

20.4 

A.N. 

Female 

45 

128.0 

655 

19.5 

120.7 

581 

20.8 

112.0 

559 

20.1 

A. C. 

Female 

31 

87.5 

541 

17.8 ! 

81.8 

437 

18.7 

83.0 

388 

22.1 

N. P. 

Female 

27 

94.8 

625 

15.1 

66.7 

437 

15.3 

100.7 

656 

15.4 

J.S. 

Female 

26 

125.3 

827 

15.2 

43.8 

269 

16.2 

117.5 

697 

16.8 

M.E. 

Female 

43 

122.7 

540 

22,7 ; 

107.0 

399 

27.7 

157.0 

486 

32.2 

J.Q. 

Male 

■ 42 

143.4 

834 

17.6 ! 

143.7 

1 

884 

16.3 

153,1 

966 

15.9 
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Fio. 1. Alterations in Effecth-e Renal Plasma Flow and Glomerular Filtration Rate DueiN'c Ardominal 

CoMRPxssioN IN Subject J. S. 

The effective renal plasma flow (ml. per min.) measured by the p-aminohippuraic clearance (Cnn) and the glo- 
merular filtration rate (ml. per min.) measured by tlie inulin clearance (Ci.v) were determined during the applica- 
tion of 80 mm. Hg pressure to the abdominal rs-all. The filtration fraction (FF), the percentage of plasma fdtered 
(Ci.v/Cr.in), remained unchanged throughout During compression the concentration ratio o: inulin (U/P) in- 
creased and continued to rise after the pressure was released. Urine flow (V) (ml. per min.) fell markedly. Ar- 
rows at the top of the chart indicate the time of urine collection. 


surization. There was a rapid return to the con- 
trol level following the release of pressure. 

Likewise, in 7 of the S subjects (Table II) in 
which it was determined, the effective renal plasma 
flow was reduced, although the cevrepr reduction 
was not so large in the oth.er subjects as in J. S. 
In several individuals, during 1 or more periods 
immediately after the application of the abdominal 
cuff, the reduction in effective renal plasma flow 
Avas as large as that seen in T. S.. but ll'.cse changes 
arc miniiiiizcd in the calcidation of the average 
figure by th.c inclusion of periods in which evi- 
dence ot circulatory re.idjustrr.ent was observed. 
In th.cse subjects, wh.cre th.e time c; ol'5er.'at;''n 
was sumciemly prob nged (mere than 35 minute. 


of compression), the effective renal plasma flow 
and other renal functions (4 of 10 studic:) showed 
a return toward the control valitcs desj/ite con.- 
tinued compression.* Xcvcrth.c’cs., -.vhen all the 
figures were averaged disregarding tl::' fact .and 
including J. Q., in whom abdominal comprf'dnn 
produced no cr.angc ({'O'Ssihly l/ecatne rd r.'d'mi- 
nal muscul.ar rcsistartce), it v.t.s fotn:d th.-at eiT^’:- 
tivc renal plasma fl v.r.' rednred frrm f72, rr 
jK-r minute to 5C*5 m.l. ;,er m.i.-.-jte. r.'.crng" r-- 
ci:c::ct: c: 2 t ir ctr.t. 
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It is noteworthy that renal hyperemia did not 
occur following the period of compressional ische- 
mia. Occasionally very short urine periods col- 
lected immediately after release of pressure yielded 
high clearance values. These anomalous values 
may be attributed to a relatively larger contribution 
of dead- space urine to the total. Usually, how- 
ever, high clearance values during recovery were 
absent. Indeed, the averaged figures of Table 11 
reveal that effective renal plasma flow during re- 
covery tended to be lower than during the control 
period. The absence of reactive hyperemia in the 
kidney observed during this study is in agreement 
with a large body of evidence obtained by others 
in the study of the renal circulation in man and 
other mammals (15, 16). 

Proteinuria. It has been repeatedly demon- 
strated that a reduction of renal blood flow fol- 
lowing obstruction to renal venous drainage is 
associated with the appearance of proteinuria (17). 
With abdominal pressure also, it was found that 
protein appeared in the urine in variable amounts. 
In 1 subject who had no history of previous renal 
disease and who was in good health, a 2 -f protein- 
uria developed during the application of the ab- 
dominal cuff. On most occasions, however, the 
proteinuria was not striking, although it occurred 
regularly. 

Validity of the method of renal blood flozo mcas- 
nrement. It is possible that these changes in clear- 
ance values were caused by errors inherent in the 
method of measurement rather than by alterations 
of renal plasma flow. If pressure reduced the ca- 
pacity of renal tubular cells to remove PAH from 
the blood, the clearance value would fall because 
of incomplete clearance of PAH. Or, if blood 
were shunted away from tubular tissue into the 
veins «o that an opportunity for complete clear- 
ance were lacking, the clearance value might be 
decreased despite an absence of change (or even 
an increase) in blood flow. 

The determination of renal PAH extraction, 
using the catheterization technique, provided the 
answer to this problem. The data summarized in 
Table III reveal that no change in PAH extraction 
, occurred during compression. Hence, the clear- 
ance of PAH and, by analogy, of diodrast, pro- 
vides an accurate measure of the behavior of renal 
plasma flow during increased abdominal pres- 


TADLE III 

Renal extraction of sodium p-aminohippnrale before, 
during, aful after abdominal compression 


Subject 

i 

Control 

Abtlominn! 

compression 

Recovery 


r«r Ctrl 

ffT cent 

ger cent 

C. M. 

90.0 

9.1.6 

93.8 

D. C. 

91.0 

9.1.2 ■ 

91.9 

S. G. 

92.8 

94.0 

93.5 

0. C. 

94.2 

90.7 

— 

M. B. 

9.3.8 

95..1 

95.8 

F. H. 

90. S 

91.5 

92.5 

M. H. 

92.1 1 

92.3 

— 

L.J. 

94.5 

93.2 

91.6 


sure. In addition, the possibility that arterio- 
venous shunting occurs during increased pressure 
is excluded by this evidence. 

Storage of PAH or diodrast during compression 
by nephrons that continue to be capable of ex- 
cretory activity although unable to contribute to 
urine format’on, might also introduce an error in 
the clearance determination that would elude de- 
tection in the measurement of the extraction ratio. 
However, this phenomenon would necessarily re- 
sult in falsely high clearance values during re- 
covery as a result of storage wash-out, and the re- 
lationship between calculated filtration rate and 
effective renal plasma flow u^ld be thus altered 
artificially. This effect was nev^r obsen^ed. 

It appears that the clearance technique may be 
used with confidence under these conditions for 
the measurement of effective renal plasma flow, 
since extraction of PAH was not altered and 
storage probably did not occur. 


3. Glomerxdar filtration rate and filtraidon fraction 

The glomerular filtration rate was neWly always 
greatly reduced. Among the group Icollated in 
Table 11, filtration fell to 88.4 ml. per n-ninute (on 
the average) from the control level off: H7.2 ml. 
per minute, a 27.5 per cent decrease. lErhis obser- 
vation was repeatedly confirmed in otl^^^e^ studies 
in which renal plasma flow was not mea^'^yj-g^ (see 
Table IV). Of particular significance k -g 
that glomerular filtration was reduced tc ^ 
extent as the effective renal plasma flc| 
equal percentile reduction was not a i 
accident but was observed whenever renr 
flow decreased, as in Figure 1. Conseqwj 
ratio between filtration and plasma flow, t. 




) the same 
•»w. This 
statistical 
il plasma 

-ently, the 
he Ultra- 
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TABLE IV 

Effect of increased intra-ahdominal pressure on urine fiovi and urinary concentration 
The urinary concentration is expressed as the concentration ratio of inulin or mannitol calculated by dividing ^e 
urinary concentration by the plasma concentration. All U/P ratios are averages of 2 or more periods with the exception 
of those obtained during compression. These values are the maximal concentrations observ^ and they are presented 
with figures for filtration rate and urine flow determined simultaneously. All other values, except these marked ndth 
an asterisk, are averages of 2 or more periods. 



Control 

Abdominal pressure 

Recover^' 






[ 






Glomerular 

Urinary 


Glomerular 

1 Urinarj* 


Glomerular 

Urinarj’ 



filtration 

concen- 

Urine flow 

filtration 

a>ncen- 

Urine flow 

filtration 

concen- 



rate 

tration 


rate 

tration 


rate 

tration 



ml, iter min. 


ml, per min. 

' ml. Per min. 

! 

ml, per min. 

ml. per min. 


ml. per min. 

P. K. 

127.5* 

40.0* 

3.1* 

83.5 

39.0 

2.4 

139.7* 

38.3* 

3.6* 

A. N. 

128.0 

29.0 

4.4 

116.3 

38.1 

3.1 


37.0 i 

3.0* 

A. C. 

87.2 

25.1 

3.5 

80.0 

28.2 

2.8 

86.0 

28.0 

3.0 

N. P. 

94.8 

27.5 

3.5 

43.7 

27.1 

1.6 

100.0 

32.1 

3.1 

S. Q. 

143.0 

17.6 

8.2 

144.0 

24.9 

5.7 

153.1 

22.9 

6.7 

M.S. 

97.5 

27.4 

3.5 • 

79.0 

36.6 

2.2 

115.3 

28.8 

3.9 

J.Si. 

155.0 

16.9 

9.2 

110.0 

26.5 

4.2 

193.9 

21.9 

8.8 

L. R. 

126.8 

11.9 

10.9 

112.7 

34.7 

3.2 

126.8 

29.3 

4.3 

M. P. 

114.9 

11.3 

10.0 

67.4 

20.0 

3.4 

105.4 

16.1 

6.7 

L. R. 

98.8 

8.4 

11.8 

57.7 

24.5 

2.4 

112.5* 

21.2* 

5.3* 

H. B. 

102.0 

24.8 

4.1 

67.6 i 

33.2 

2.0 

98.5* 

32.8* 

3.0* 

J.S. 

125.3 

18.2 

7.4 

34.3 

23.5 

1.1 

117.5 

64.7 

1.9 

J.W. 

123.9 

6.7 

18.4 

80.9 

40.5 

2.0 

144.7 

58.6 

2.4 

M. E. 

122.7 

8.5 

12.1 

108.8 

34.4 

3.3 

157.0 

31.1 

5.0 

L. G. 

111.0 

12.8 

9.3 

79.6 

15.9 

5.0 

120.2* 

15.8* 

7.6* 

H. B. 

98.0 

28.1 

3.5 

72.0 : 

31.3 

2.3 

78.5 

32.0 

2.5 

J.Q. 

143.4 

17.6 

8.2 

144.0 

25.0 

5.8 

153.1 

22.9 

6.7 

1 


tion fraction, or the percentage of plasma filtered 
at the glomerulus, remained constant. This fact 
is clearly shown in Figure 1 and Table II. More- 
over, in most instances, the filtration fraction re- 
mained constant during adjustment to compression 
or during recover)'. 

B. Tubular junction during abdominal 
compression 

1. Tubular rcabsorption of water 

Urine flow decreased strikingly immediately 
after the application of abdominal compression in 


every' subject (Table IV) even in the presence of 
diuresis during the control period. The reduction 
in filtration rate had little influence in pro- 
ducing this effect per sc, since the urinary’ con- 
centration usually increased markedly, indicating 
the operation of increased tubular water reab- 
sorption as the cause of the oliguria. 

In Table IV, the maximal concentration change 
is presented in terms of mannitol or inulin urine : 
plasma concentration ratios denoting the extent 
to which these substances are concentrated in the 
tubular urine by the active reabsorption of water. 


TABLE V 

Effect of increased intra-abdominal pressure upon maximal glucose reahsorp'.ice capacHy {Tma) in normal subjects 
All values e.xcept those marked with an asterisk are averages of 2 or more periods. 


5ub. 

jpct 


Airr 

Control 

Pre-«a.-e 


Pla-*ma 
con Dps* 
tratina 

Load 

Glacosc 

Tra 

GI'.jco*<? 

Tn 

Glom-T- 

uGr 

filtra. 

tian 

rate 

contm- 

traUan 

Load 

clrcnv 

Tm 

Glnm'o 

7c: 

Gle-eee- 

uUr 

f.Itra- 

tina 

ra*.- 

tratj'ja 

1 

1 

-r-. 

Tm ! 

! 

G:e--r. 

Tpi 

... 

L. K. 
L. G. 
I. Si. 
j.Q. 

51. E. 

M.ilc 

Female 

Male 

M.ale 

Female 

30 

2S 

lu 

mt-s. 
Prr CfW.: 

302 

535 

en 

•1^7 

5;q 

1.55 

1.6T 

2.51 
1.60 

1.51 

r-.tm. 
Pr^ ir i*. 

2-;5,6 
*'53.0 
327. S 

373.0 

0.514 

0.345 

0.453 

0.315 

0.32 

eet! 

250 

512 

516 

45^ 

407 

( T. 

I .'-‘ri*.- 

1.46 ; 155.4 
1.71 i 252.1 
2.42 ' 23-.0 
1.52 i 4t5.7 
1.55 j 341.0 

j j 1 , 

, :r-i; 1 1 fr- . 

0.560 ; ; 1.20 • Z2'j.A i 

0.3:0 ■ l.o;* .'5:/*' 0 512* 

■ 40'" 2 7** 3*'0* 0 5:0* 

o.ih 413 Va: a:: c-mS 

0 327 ’ A'A* l.V;* 4216* 6.52-* 
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All Other substances examined likewise showed 
an increase in concentration. 

There was no evidence favoring: the possibilitj’- 
that ureteral obstruction by the compressing ab- 
dominal cuff might account for the oliguria. Fol- 
lowing release of the cuff, the urine flow continued 
to be depressed in most instances. A sudden in- 
crease of urine flow following pressure release, 
due to the outflow of impounded urine, was never 
observed: Moreover, the change in clearance val- 
ues and urine flow was observed on 2 occasions 
when the ureters were catheterized and pressure 
applied to the abdominal wall. 

2. Tubular transfermaxima (Tin) 

The maximal tubular reabsorption of glucose 
and the maximal tubular excretion of diodrast 
were reduced by abdominal compression (Tables 
V and VI). Glucose Tm was measured in 5 sub- 
jects, In 2 (J. Q. and M. E.), the Tm value wa's 
not significantly reduced, possibly because of 
reduced pressure transmission. In the remaining 
subjects, glucose Tm fell strikingly from 35 to 
24.5 per cent on the average. Greater falls during 
individual periods are masked by the inclusion in 
^ the average value of periods in which readjust- 
ment had taken place. Among the subjects in 
whom diodrast Tm was determined, significant 
average reductions were noted on every occasion 
during compression. During the recovery phase, 
the Tm values returned to the control level and, on 
several occasions, somewhat above it, possibly as 
a result of dead-space error. It will be noted that 


the reduction ranged between 39 and 23.4 per cent. 
In all subjects, exclusive of those in whom no 
significant change was observed, the average re- 
duction of glucose and diodrast Tm was of the 
same order of magnitude as the average reduction 
of effective renal plasma flow and glomerular fil- 
tration. 

When the relation between filtration rate and 
the simultaneously determined Tm value was ex- 
amined, it was found that the maximal tubular 
transfer of either glucose or diodrast varied more 
or less directly with the filtration. Figures 2 and 3 
illustrate this relationship. It can be seen that the 
ratio between Tm and filtration rate remained rela- 
tively constant throughout. Table V reveals that 
this ratio did not change significantly on the aver- 
age in the case of maximal tubular glucose reab- 
sorption. In 2 of the 5 subjects in whom diodrast 
Tm was measured, however (Table VI), there was 
a significant depression of the ratio (L, R. and 
M. P.). In these instances the inclusion of high 
values observed in the control period and the pos- 
sible operation of intra-renal vasoconstriction may 
have been responsible for the alteration. On the 
tvhole, it appeared that the maximal rate of tubular 
transfer of glucose and diodrast was reduced by 
abdominal compression to about the same extent 
as the glomerular filtration rate and effective renal 
plasma flow. 

F alidity of the methods of the mcasiirctt^ent. 
The observed reduction in maximal tubular trans- 
fer capacity could be ascribed to inadequate load- 
ing of the intracellular mechanisms by glucose or 


TABLE VI 

Effect of increased intra-abdominal pressure upon maximal diodrast excretory capacity {Tmo) 
All values, except those marked with an asterisk, are averages of 2 or more periods. 






Control 



Pressure 



Recovery 


Sub- 

ject 

Sex 

1 

*Age 

1 

Plasma 

Load 

1 diodrast 

1 

1 Diodrast 

1 Tm 

Glomer- 

ular 

61tra- 

tion 

1 

Plasma 

i 

Load 

diodrast 

1 

1 

Diodrast 

Tm 

Glomer- 

ular 

filtra- 

1 

1 

Plasma ! 
concen- i 
tration 

Load j 
diodrast 

Diodrast 

Tm 

Glomer- 

ular 

filtra- 

tion 

rate 

coacen- 

msm 

rate 

tration 

Dio- 

drast 

Tm 

rate 

Dio- ! 
drast 1 
Tm 




diodrast 



Dio- 

drast 

Tm 

diodrast 

j 

■BQii 

diodrast 


Dio- 

drast 

Tm 

j 

ALS. 


50 

tngm» 1 
percent , 

12.8 

1 

1 

1.07 

1 

msfrt. 1 
per min, j 

50.1 1 

1 

1.94 

mgm, 
per cent 

rt.6 

1.05 

ingm, 
per min, 

36.9 

2.09 

mgtn. 
Per cent 

11.4 

1.13 

mgm, 
per min, 

47.3 

2.08 

L. R. 


30 

14.5 

1.37 

44.5 

2.23 

13.1 

0.95 

36.4 

1.75 

18.5* 

— 

— 

— 

M. P. 


1^ 

16.0 

1.92 

40.5 

2.84 

17.7 i 

2.11 , 

, 26,6 

2.12 

2.06* 

48.6* 

2.03* 

L, G. 


28 

19.0 

2.60 : 

41.5 i 

2.67 1 

17.8 j 

2.37 

31.8 

2.59 

16.3* 

2.45* 

47.6* 

2.53* 

J.W. 

Female 

29 

23.0 

2.96 ! 

57.2 ] 

2.17 i 

] 

17.9 j 

2.24 

34.8 

2.33 

14.2 

2,14 

1 

55.4 

2.61 
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0 to 20 MlNl/TES 50 60 70 

Fig. 2. Alteration in Maximal Tubular Diodrast Excretorv Rate (Diodrast Tm) and GLOiiERULAP. Fil- 
tration Rate during Abdominal Compression in Subject J. W. 

Diodrast Tm (Tmo) (mgm. per min.) and glomerular filtration rate (Cu;) (mJ. per min.) fell during increased 
intra-abdominal pressure while the inulin U/P ratio rose. The relation between glomerular filtration rate and 
diodrast Tm (Cis/Tmo) remained unchanged throughout. It can be seen that both diodrast Tm and the filtra- 
tion rate increased late in the period of pressure application. Urine flow (V) (ml. per min.) was markedly de- 
pressed. 


diodrast, either as a result of over-all renal ische- 
mia and lowered filtration rate or focal ischemia 
and localized slowing of filtration. In the first in- 
stance, the smaller carriage of diodrast or glucose 
would result in a failure to supply sufficient ma- 
terial for saturation of the whole kidney and, in 
the second, adequate over-all loading would mask 
focal ischemia and failure to saturate tubular trans- 
fer mcdianisms in discrete localized regions. 

a. over-all loading. The calculated load of glu- 
cose presented to the tubules for rcabsorption 
should exceed the tubular capacity b}' 20 per cent 
and the quantity of diodrast carried in tiie pl-asma 
to the tubules ’ sliould c.xcced the excretorv’ capac- 

■ Ih.c Kv.d brovri:: fii- 

trett to t:;c telne; ccHs :rr wci CA:cu:ctfd 

-J th- artcrhl crnrer,*.rr.t:cr! cf c'ucd': (mgm. 


ity by 100 per cent (S) to assure adequate satura- 
tion. In ever}’ instance the load to Tm ratio for 
glucose was greater than 1.2 (Table V), On 2 
occasions (M. S. and L. R.), the diodrast load fell 
below the prescribed limit (Table VI). Consider- 
ing the fact that the decrements in diodrast Tm in 

per ml.) tiir.es the filt-Tition rate (ml. per mir..). The 
diodrast load is ti:e amo-ant of diodratt carried sr. the 
plasma to tl’.e fab-ales less iha-t removed by .filtratirm It 
v.-£s calculated as the rktara-. ccr.ee.-.t.'atior. ci di-drr.': 
(mgm. per ml.) times the e;tim:.ted enertive rer.sl 
flo’.v, less tl:e plasm.a cr'',ee.':trat; '’r cf diedrr.'t fmerr, j.-r 
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Fig. 3. Alterations of Maximal Tubular Diodrast Excretory Rate (Diodrast Tm) and Maximal Tubular 
Glucose Reabsorption Rate (Glucose Tm) during Abdominal Compression in Subject L. G. 

Diodrast Tm (Tmc) (mgm. per min.) and glucose Tm (Tnio) (mgm. per min.) fell equally during compression. 
The rehtionships between the Tm values and the glomerahr filtration rate measured by the mannitol clearance 
(Cu) remained constant. Urine flow (V) decreased, but returned toward the control level following the termina- 
tion of the period of pressure. 


these cases during pressure were of the same mag- 
nitude as those where the calculated loads were suf- 
ficiently high, it is possible that the calculated loads 
were erroneous. The calculation of diodrast load 
requires an estimation of the renal plasma flow on 
the basis of the filtration rate, assuming a normal 
filtration fraction of 20 per cent. It is not unlikely 
that this assumption was in error in these instances 
and that the actual plasma flow was much greater. 
In any case, it is evident that inadequate loading 
cannot be the cause of the reduction in tubular ac- 
tivity during increased intra-abdominal pressure 
in most of these studies. 

b. focal loading. Despite the demonstration that 
adequate loading did not prevent the fall in Tm ob- 
served during pressure, it might be argued that 
these figures, referable to the kidney as a whole. 


may fail to reveal focal inadequacies. This argu- 
ment may be visualized and examined as follows. 

For the purposes of discussion, the kidney may 
be divided into 4 concentric zones (Table VII) 


table vii 


Zone 

Reduc- 

tion 

Filtra- 

tion 

rate 

Plasma 

flow 

Load 

glu- 

cose 

Reab- 

sorbed 

glucose 

Load 

dio- 

drast 

Ex- 

creted 

diodrast 

I 

80% 

ml, 

fer 

min. 

6 

ml. 

ter 

min. 

25.0 

mgm. 

per 

min. 

36 

mgm. 

per 

min. 

36 

mgm. 

per 

min. 

6.3 

mgm. 

Per 

min. 

6.3 

II 

50% 

15 

62.5 

90 

90 • 

15.5 

13.0 

III 

10% 

27 

112.5 

162 

100 

27.8 

13.0 

IV 

0% 

30 

125.0 

ISO 

100 

31.0 

1.3.0 

Over-all 

effect 

35% 

78 

325.0 

468 

326 

80.6 

45.3 

Total 

reduction 

35% 

35% 

35% 


18.4% 


12.9% 
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throughout each of which blood flow and filtra- 
tion are regularly distributed, although great dif- 
ferences may exist between zones.® It may be 
further assumed that the effect of compression is 
different in each zone (as the result of a gradient 
of pressure, for example, so that the compressional 
force is greater at the periphery than at the center), 
but that the effect in each zone is constant and reg- 
ular throughout the entire region. During the 
control period, prior to compression, the over-all 
glomerular filtration rate, blood flow and transfer 
maxima of glucose and diodrast are equall)’- divided 
among all the zones. The over-all glomerular 
filtration rate may be taken as 120 ml. per minute, 
the renal plasma flow as 500 ml. per minute, glu- 
cose Tm, 400 mgm. per minute, and diodrast Tm, 
52 mgm. per minute, while the glucose and dio- 
drast plasma levels are maintained at 600 mgm. per 
cent and 30 mgm. per cent, respectively. With the 
application of a compr.essional force, the plasma 
flow and filtration rate may be assumed to undergo 
reductions of 80, 50, 10, and 0 per cent in zones I 
to IV, respectively. The data tabulated in Table 
VII reveal that the percentile reductions in over- 
all Tm thus produced do not equal the percentile 
reductions in plasma flow and filtration rate, and 
the reductions in diodrast and glucose Tm are not 
equivalent. The discrepancy in Tm values could 
be expected to varj- greatly, depending upon the 
relative loading of the 2 tubular mechanisms. 
Therefore, it appears that the changes in tubular 
function obseiwed during abdominal compression 
cannot be ascribed to focal ischemia due either to 
focal vasoconstrictive activitj- or to the operation 
of a gradient of pressure across the kidney. 

DISCUSSION 

It has been found that abdominal compression 
increases the pressure equal!}- throughout the ab- 
dominal cavity and in doing so produces striking 
renal functional changes. Renal plasma flow and 
glomerular filtration are almost always reduced, 
together with the tubular activities of maximal glu- 
cose reahsorption and ma.ximal diodrast c.\cretion. 

* It is o’ovio-js tl'.at the kidr.cy may he farther 
UiviJcd until each rcr.c refers to a sir.cie r.cyh.rcn. Kcr.ee, 
wV.at is saii here with rcicrcr.cc to A erhitrary ami 
rcyularly ghiccd rm-ol renrs wool 1 agyly •.vi:'; fcrce 
to (lis.-rcte units iistrlh-..’tei irre,T.:larly th.rcvrh the Irii- 
nty. 


All these functions are reduced to the same de- 
gree. Water reabsorption, on the other hand, is 
always enhanced, the urine flow decreases, and 
the urine becomes more concentrated. 

Every effort was made to eliminate experimental 
error. Determinations of the renal extraction of 
sodium p-aminohippurate have validated the use 
of the clearance technique in measuring the changes 
of renal blood flow. Arteriovenous shunting has 
been definitely ruled out by this method. Like- 
wise, the alterations in glucose and diodrast Tm 
may be accepted as indicative of changes in tubular 
function, since it appears that inadequate loading 
or focal ischemia may be excluded as possible 
misleading factors. 

On the basis of the averaged data, it seems likely 
that the increase of venous pressure during ab- 
dominal compression is usually sufficient to account 
for the reduction of renal plasma flow. Excluding 
J. S. and J. Q. (Table II) from consideration, the 
averaged figures may be used in calculating the 
reduction to be e.xpected on the basis of an incre- 
ment of venous pressure alone.' If the pressure 
gradient across the renal circuit is assumed to 
change from 85 mm, Hg to 70 mm. Hg during 
compression as a result of an increase of renal ve- 
nous pressure from 5 mm, Hg to 20 mm. Hg (the 
mean renal arterial pressure remaining constant 
at 90 mm. Hg), and, if the renal resistance doe.s 
not change, the average renal plasma flow of 621 
ml. per minute would fall to 512 ml. per minute. 
Actually, it was oliserved to fall to 4SS ml. per 
minute, a somewhat greater decrease, which would 
require a venous pressure increment of 18 mm. 
Hg. It can be seen that the elevation of venous 
pressure alone is appro.ximately sufficient to ac- 
count for the observed change. 

The reduction of renal plasma flow was much 
greater than average immediately following the 
application of pressure in many subjects and 

'In any \-a5c-jl3r c:' ccrut.i':! rcu'ta-''. 

rclalicn of h’ood or rlairr-a flo'-v to tr.r kr? of 
from the to t::- rrA ff t;;r circ-j-t rrrr..-i;-! f'.-- 

stant. This rciatioa'hip may fc exyrr-,;— f as f'"— .’,s. 
where F is O-.e ir.itii! rene! -tesrra P. ir.’*ki 

difTcrenre in rer.il arteri;! ir-i rer-.r! ser.:-j; 

F* ar.d P\ these v.'r.er. ti;e ite;;-rc d'-Tere- ee ij:-. 

ittCTc-i 15 vriir; in ’’•'t •r 

r/F’z=f/r sn: 

F' P'F fp 
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throughout the entire study in J, S. Although 
these facts may indicate the operation of vaso- 
constriction, it is not at all unlikely that venous 
pressure, in these instances, was higher than aver- 
age as a result of compressional contraction of the 
abdominal musculature. The intra-abdominal 
pressure may be raised as high as the arterial pres- 
sure by this maneuver. On the other hand, mus- 
cular contraction may lower intra-abdominal pres- 
sure by thrusting away the pressure girdle, and 
it is possible that the adjustment to compression 
noted in some instances, where renal function 
gradually improved, may have arisen from this 
factor rather than from the release of vasoconstric- 
tion. 

Although the increase in renal venous pressure 
seems to provide an adequate cause for the reduc- 
tion in renal blood flow, it is at first difficult to ac- 
count for the other changes in renal function on 
this basis. Certainly one might expect a change in 
filtration fraction similar to that attributed to ef- 
ferent arteriolar vasoconstriction (18), since the 
elevation of the pressure gradient in the renal vas- 
cular bed should increase effective filtration pres- 
sure and the filtration rate should remain relatively 
constant despite the reduction in blood flow. Since 
an increment of venous pressure is equally effec- 
tive in all parts of the renal vascular bed, there is 
no reason to expect a fall in diodrast and glucose 
Tm. The fall in these values indicates the cessa- 
tion of function in a number of nephrons and glo- 
meruli proportional to the decrement in Tm (19). 

The closure of afferent arterioles would produce 
changes in renal function similar to those observed. 
In obstructing blood flow, arteriolar closure would 
halt filtration in the glomerulus and, in conse- 
quence, abolish glucose reabsorption and diodrast 
excretion in the nephron dependent upon it. Al- 
though the tubule might remain in a normal state, 
it is obvious that glucose would no longer be 
brought to it for removal and that excreted dio- 
drast would not be washed into the renal pelvis. 
Hence, the nephron would cease to contribute to 
Tm and the values for it would be reduced. In 
the remainder of the kidney, renal blood flow and 
glomerular filtration rate must continue undis- 
turbed, since the filtration fraction and the rela- 
tion between the clearance values and Tm are not 
altered by compression. Thus, afferent arterioles 
would be required to close completely or remain 


unconstricted. While this hypothesis satisfactorily 
accounts for many of the changes in renal function, 
it fails to consider the implications of the elevation 
of venous pressure. 

It has been pointed out above that the increase in 
venous pressure is probably sufficient to account 
for the observed reduction in renal blood flow, 
but, under the conditions of afferent arteriolar 
constriction, it would be necessary to assume that 
increased resistance to flow is entirely responsible 
and that the venous pressure increment is without 
effect. It must be admitted, however, tliat dimin- 
ished resistance in the remainder of the renal vas- 
cular bed is necessary to offset the rise in venous 
pressure. If such a vasodilation occurred in the 
efferent arterioles it is possible that blood flow and 
filtration rate might maintain a constant relation- 
ship to one another and to the Tm values as ob- 
seiwed. However, it seems extremely unlikely 
that both vasoconstriction and vasodilation occur 
simultaneously in the kidney. An adjustment of 
efferent arteriolar tone in response to renal venous 
pressure has not been observed in other condi- 
tions, and it seems highly improbable that it oc- 
curs during abdominal compression. For these 
reasons the hypothesis that afferent arteriolar 
vasoconstriction results in functional amputation of 
a portion of the renal parenchyma may be dis- 
missed as unacceptable. 

In the discussion thus far, the fact that the pres- 
sure rises in the renal pelvis, opposing the outflow 
of urine, has not been considered. If the resistance 
to the flow of urine differs in different nephrons 
(as it may, since the tubules vary considerably in 
length), there may be a wide range of pressures 
at the terminal ends of the tubules. Elevation of 
pelvic pressure would then block urine outflow 
from those tubules in which the terminal pressures 
are lower than pelvic pressure. As a result, Tm 
values and the glomerular filtration rate would fall. 
In this situation the blood perfusing inactive glo- 
meruli would continue to be cleared of diodrast or 
p-aminohippurate by neighboring operative tu- 
bules and the filtration fraction would fall as a 
result of the reduction of filtration rate independ- 
ently of blood flow. Since the renal venous pres- 
sure rises during abdominal compression, however, 
the filtration fraction in the active glomeruli would 
be increased and might be expected to mask the 
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effect of the clearance of diodrast or p-aminohip- 
purate from blood perfusing inactive glomeruli. 

This hypothesis has the advantage of providing 
a simple explanation for all the changes observed 
in this study. Vasoconstriction would be un- 
necessary, the fall in blood flow being entirely ac- 
counted for by the increment in renal venous pres- 
sure. The demonstration by others ( 18) that the 
filtration rate in man tends to remain unchanged 
is supported by the finding that it does not change 
in the residual active glomeruli. Such reduction 
of filtration rate and Tm values as occurs is en- 
tirely attributable to the blockage of flow from 
“low-pressure” nephrons by the elevated pelvic 
pressure. It should be noted that equal elevations 
in renal venous pressure and pelvic pressure pro- 
duce equal percentile changes in renal blood flow 
and in the mass of functioning tubular tissue, re- 
spectively, according to this hypothesis. The im- 
plications of such a relationship are not clear and 
are under further investigation. 

Increased intrapelvic and intratubular pressure 
may be instrumental in raising the urinarj' con- 
centration by stimulating the mechanisms of water 
transfer to greater activity. However, the psychic 
and physical stimulus of compression should pro- 
voke the release of antidiuretic hormone by the 
pituitary, since less severe stimuli have been found 
to have this action (20). In 1 subject with docu- 
mented diabetes insipidus presenting marked diure- 
sis as a result of withdrawal of pitressin, abdominal 
compression caused oliguria. 

The pathological renal physiology of increased 
intra-abdominal pressure has been clarified by this 
study. Under the conditions imposed, retention 
of water and probabl}' of salt occurs in spite of the 
presence of factors conducive to diuresis. The 
reduction of glomerular filtration rate and oliguria, 
if maintained for any length of time, would cer- 
tainly prevent the normal e.xcrction of urea, and 
arotemia would develop. 

For the short period of time during which posi- 
tive G is experienced by airmen, alxiominal com- 
pression sustains the cardiac output by the 
expression of blood into the tltorax from the abdo- 
men and by minimizing th.c graritationa! eficcts 
upon th.e flow of blood from th.c inferior venous 
chaml>cr into tlic superior chaml>cr. The simul- 
taitcous reduction of arterial blood flow into the 
splancluiic bed also results in th.c civcr.ricn of a 


greater proportion of the cardiac output to the 
brain. It is likely that prolonged application of 
increased intra-abdominal pressure may be detri- 
mental because the cardiac output is ultimately re- 
duced by about the same extent as the blood flow 
through the kidneys and liver (21, 22). Hj^po- 
tension and faintness were obser\’ed on several 
occasions during the course of this study in sub- 
jects not reported herein. 

summary 

The effective renal plasma flow, glomerular 
filtration rate, and tubular function have been 
measured in 17 normal human subjects by the 
clearance and saturation techniques during the ap- 
plication of a pneumatic abdominal girdle under 
pressure. Measurement of the venous pressure 
in the inferior vena cava and renal vein following 
venous catheterization revealed that the compres- 
sional pressure of 80 mm. Hg used in this study 
raised intra-abdominal venous pressure to about 
20 mm. Hg. 

The effective renal plasma flow and glomerular 
filtration rate were always reduced by increased 
intra-abdominal pressure, on the average of 24.4 
per cent and 27.5 per cent, respectively. The fil- 
tration fraction, or the percentage of the plasma 
flow filtered at the glomerulus, showed no signi- 
ficant change. 

It was found that the elevation of renal venous 
pressure was probably sufficient to account for the 
reduction of renal plasma flow. 

The e.xtraction of sodium p-aminohippuratc by 
the kidney was not altered, indicating the validity 
of the clearance method for measuring renal 
plasma flow under these conditions and demon- 
strating the absence of arteriovenous shunting. 

Maximal tubular diodrast excretion f diodrast 
Tm) was reduced significantly in all 5 subjects, 
while maximal tubular glucose rcabsorption (glu- 
cose Tm) fell significantly in 3. Tl'.e percentile de- 
crease in both \-aIucs was equal to tint in cfTective 
renal plasma flow and gIorr.ert:Iar filtration rate. 
It appears that this phenomenon cannot be attrib- 
uted to inadequate loading of tub'ular tran'tcr 

isci’.cn:::!. 

The thcorc'ic::! - uf fsAlT:-:*/. 
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THE DIALYZABILITY OF THE PRESSOR AND ANTIDIURETIC 
ACTIVITIES OF PITRESSIN 

Bv WAYNE DONALDSON 

{From the Research Laboratories, Parke, Davis and Company, Detroit, Michigan) 
(Received for publication April 4, 1947) 


According to the present extent of our knowl- 
edge it appears that the pressor and the antidiuretic 
activities of Pitressin ^ both reside in the same sub- 
stance. Since Kamm (1) showed that the pressor 
activity .dialyzes from aqueous solution, the anti- 
diuretic activity should dialyze also. But Ralli (2) 
found that when Pitressin mixed with normal 
urine was dialyzed against water the full antidiu- 
retic activity for rats remained in the non-dialyz- 
able fraction. This suggested that urine might in 
some way inhibit the dialysis of Pitressin. On 
the other hand, if pressor activity dialyzes and 
antidiuretic does not, dialysis would provide a 
means of separating the 2 activities. 

Others (3) have reported that antidiuretic ac- 
tivity does not dialyze. However, Smith (4) early 
showed that all 3 posterior pituitary'' activities 
dialyzed, and Walker (5) demonstrated the pres- 
ence of antidiuretic activity in the dialysate. 

The purpose of the present experiment is to re- 
port the pressor activity for dogs and the anti- 
diuretic activity for humans of the non-dialyzable 
residue following dialysis of Pitressin mixed with 
water and mixed with normal urine. The results 
suggest that both the pressor and the antidiuretic 
activities do dialyze, whether mixed with water or 
with urine. 

PREPARATION OF SOLUTIONS 

Five tests were made on each of 4 human subjects us- 
ing the following preparations: 

A. No injection — control 

B. Pitressin (not dialyzed) 

C. Pitressin dialyzed from water 

D. Pitressin dialyzed from urine I 

E. Pitressin dialyzed from urine II 

Solution C. Twentj'-five ml. of Pitressin containing 
20 p.u. per ml. (total 500; p.u. = pressor units) was di- 
alyzed for 6 hours in 24/32 inch Visking tubing against 
running distilled water at room temperature and with 
agitation of tlic tubing. The dialysis residue was diluted 

^ Pitressin is a registered trade mark of Parke, Davis 
and Company. 


to 100 ml. with water containing 0.5 per cent chloretone. 
The solution (representing 5 p.u. per ml.) was filtered 
through a Seitz filter using a 1-inch E.K. pad. 

Solution B. With no dialysis, 25 ml. of Pitressin was 
diluted in the same svay and subjected to the same Seitz 
filtration. This filtration of the control would make it 
possible to detect any adsorption of pressor or anti- 
diuretic activity by the filter pad. 

- Solution D. Ten ml. (200 p.u.) of Pitressin was mixed 
with 26 ml. of diuretic urine from a normal human be- 
ing. This urine contained 2.41 mgm. of solids per milli- 
liter. The mixture was dialyzed as above; the dialysis 
residue was made to 40 ml. with water and Seitz filtered. 
The final solution represented 5 p.u. per ml. 

Solution E. To eliminate the possibility that the urine 
effect described by Ralli was quantitatively dependent on 
some urinary constituent, it seemed desirable to increase 
the ratio of urinary solids to pressor units. Ten ml. 
(200 p.u.) of Pitressin was mixed with 1,000 ml. of nor- 
mal human urine having pH 5.82, solids 36.6 mgm. per ml. 
This solution was dialyzed overnight (17 hours) to 
specific resistance 14,100 ohms and pH 6.05. One-fourth 
of the dialysis residue was dried by appropriate means, 
and the resulting pow'der was taken up in 10 ml. of 
sterile water containing chloretone. The preparation was 
an amber liquid containing suspended material. Each 
milliliter represented 5 p.u. and 25 ml. of the normal urine. 

PROCEDURE 

The antidiuretic activity was tested in 4 normal human 
subjects who continued their usual work during the test 
period. Each solution was tested in all 4 subjects on the 
same day. No food or water was taken after 10 p.m. of 
the preceding night, the bladder was emptied at 8 a.m., 
the test solution was injected, and 1,000 ml. of water was 
taken by mouth at the same time. The dose in each case 
was 0.1 ml. representing 0.5 p.u., which was given into 
the muscle of the upper arm. Urine was voided at 30- 
minutc intervals and the cumulative excretion plotted 
against time as shown in Figure I. Eiach solution was 
also assayed for pressor activity in dogs. 

RESULTS 

In cverv- subject urine excretion was signifi- 
cantly delayed by 0.5 p.u. of undialyzed Pitressin, 
as shown in Figure 1. On the other hand, none of 
the dialyzed samples, whether from water or urine, 
residted in a comparable dela\-ing eiTect ; the effect 
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Fig. 1. Effect of Dialysis on Antidiuretic Activity of Pitressin Solutions 

A. No injection — control. 

B. Pitressin not dialyzed. 

C. Pitressin dialyzed from water. 

D. Pitressin dialyzed from urine I. 

E. Pitressin dialyzed from urine II. 


of such samples was more nearly like that of “no 
injection.” 

The pressor assay report was as follows : 

B. Pitressin. Not dialyzed— 4.5 p.u. per ml. 

C. Pitressin dialyzed from water — 

Much less than 0.1 p.u. per ml. 

D. Pitressin dialyzed from urine I — 

Less than 0.1 p.u. per ml. 

E. Pitressin dialyzed from urine II — 

Less than 0.1 p.u. per ml. 


Thus, tlie pressor activity remained in the un- 
dialyzed preparation, hut was lost from all dialyzed 
solutions. 

CONCLUSIONS 

When mixtures of Pitressin with water or with 
urine were dialyzed, both the pressor and antidiu- 
retic activities disappeared from the dialysis resi- 
due. 
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By JOSEPH BERNSOHN and EARLE K. BORMAN 

(From the Bureau of Laboratories, Connecticut State Department of Health, 

Hartford, Connecticut) 

(Received for publication April 5, 1947) 


The colloidal gold test developed almost 35 years 
ago by Lange (1) has been utilized in studies of 
cerebrospinal pathology and of liver dysfunction 
with little more than a general understanding of 
the basic reasons for the production of the several 
reaction patterns. Rationalization of the mode of 
reaction by experimenting with blood protein frac- 
tions obtained by the usual salting out methods is 
difficult, if not impossible, because the fractions so 
obtained are mixtures (2) of proteins defined ar- 
bitrarily. 

A promising line of attack upon the problem has 
been opened up by newer methods for the separa- 
tion of the blood proteins (3, 4, 5), particularly 
those separable as electrophoretically homogeneous 
fractions. It has already been established (6, 7) 
that the gamma globulin fraction is responsible for 
the coagulation of the gold sol. The protective 
action postulated for the serum albumin, however, 
never has been demonstrated conclusively with 
concentrations likely to be encountered in body 
fluids. In investigating the use of the colloidal 
gold reaction for the detection of liver damage, 
the authors have used blood protein fractions pre- 
pared by the newer methods in an attempt to de- 
termine the relationships between relative concen- 
trations of the protein fractions and the reaction 
curves obtained. 

MATERIALS 

The blood protein fractions i used in this study were 
described as follows : 

1 The products of plasma fractionation employed in this 
work were developed from blood, collected by the Ameri- 
can Red Cross, by the Department of Physical Chemistry, 
Harvard Medical School, Boston, Massachusetts, under a 
contract, recommended by the Committee on Medical 
Research, between the Office of Scientific Research and 
Development and Harvard University. The authors wdsh 
to express their gratitude to Dr. John T. Edsall of Har- 
vard University who furnished these materials. 


Fraction 

Plasma 
prepara- 
tion no. 

Distribution of electrophoretic 
components 

7 ! 

F 



a, i 


Alb. 

11-1,2 

184 

96 1 



1 




V 

185 




i 

1 i 

2 

97 

III-O total* 

175 


18 

13 1 

64 j 

1 

5 


IV-1* 

185 



9 

IS 

40 

33f 

I\^3,4t 

184 



2 

1 35 

26 

21 

16 


* Rich in lipoprotein. 

t Poor in lipoprotein. 

Figures for albumin and ai are approximate due to 
difficulty in resolving fraction. 

METHODS 

The methods of preparing the gold sol and performing 
the tests were those recently described by Lange (8, 9, 10) . 
Thus, the tests were performed with comparable gold sols 
on dilutions of e.xpcrimental material in phosphate buffer, 
pH 7.4, and the results were read by comparison with 
prepared standards of graded color values. 

In all cases, the plasma protein fractions were pre- 
pared in desired concentrations by dissolving them in the 
phosphate buffer. In later phases of the investigation, 
concentrations were based upon protein content as cal- 
culated from Kjeldahl determinations (N X6.25).- 

In performing the tests, serial dilutions of each solu- 
tion under test, 0.5 ml. per tube, were prepared in such 
manner that the dilutions increased by one-third with 
each successive tube. To each of these, 2.5 ml. of colloidal 
gold sol were added and the tubes were shaken and al- 
lowed to stand at room temperature for 2 hours. Read- 
ings were then made against a graded series of standards 
varying from 0 (unchanged) to 20 (colorless) after the 
manner suggested by Lange (8). 

RESULTS 

Figure 1 shows graphically the differing effects 
of equivalent concentrations of the several protein 
fractions upon the gold sol. These graphs have 
been plotted for each fraction from results obtained 
on 20 serial dilutions prepared after the manner 
described above. The horizontal axes of these 

® The use of the conventional nitrogen factor for frac- 
tions containing alpha and beta globulins with lipids re- 
sults in some inaccuracy. 
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Fig. 1. Effect of Protein Fractions on 2.5 ml Gold Sol (pH 7.4) 


graphs and of those to follow show uniform spac- 
ings behveen successive dilutions; this gives the 
same effect as a semi-logarithmic scale with the 
abscissa showing the logarithms of increasing dilu- 
tions. It will be noted that neither serum albumin 
nor fraction IV-3,4 containing a mixture of alpha 
and beta globulins exerted any significant coagula- 
tory effect upon the gold sol whereas the gamma 
globulin was the only fraction with unequivocally 
coagulatory effects. Fractions III-O and IV-1, 
one containing alpha globulin and the other beta 
globulin, showed such slight reactivity - in the 
range of concentrations between 1 and 5 fig. 
per tube that it seems unlikely that this re- 
sulted from any specific coagulatory effect exerted 


by these globulins per se. Such minimal activity 
is more likely to have resulted from the presence 
of other substances in these mixtures; Likewise, 
the possible role of impurities in the gamma globu- 
lin fraction acting as protective colloids cannot be 
ignored entirely in the interpretation of the ap- 
parent slight protection of the sol by concentra- 
tions of that fraction above 60 p%. per tube. 

Figure 2 shows the apparent effect of serum al- 
bumin upon the coagulatory action of the gamma 
globulin fraction. Critical analysis of the graphs 
shows that the protective action of this fraction is 
nil ^ since the critical point at which the coagula- 

® Since these experiments were completed Lange has 
published data obtained with the use of horse serum .al- 
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Fig. 3. Effect of ^ Globulin (fr. III-O) on 7 Globulin Curve (pH 7.4) 


tory reaction diminishes sharply is determined by 
the actual amount of gamma globulin present in 
the tube and not upon the albumin to globulin 
ratio. This critical point is reached when the con- 
centration of gamma globulin drops below 0.3 /tig. 
per 2.5 ml. of gold sol as shown by notations on 
tlie chart. 

The effect of the lipoprotein fraction III-O (beta 
globulin) upon the coagulatory action of the 
gamma globulin fraction was in marked contrast 
to that produced by serum albumin. This is 
shown graphically in Figure 3. Here 2 mani- 
festations of protective action are indicated plainly : 
( 1 ) Progressive inhibition of coagulatory action 
of gamma globulin with increasing beta to gamma 
ratios shown in the graph by longer prozones with 
ratios of 5 : 1 and below, and (2) suppression of 
the ability of gamma globulin to induce complete 
coagulation of the gold sol as shown by the oc- 
currence of intermediate maximum color values 
when the ratios rose to 10:1 and above. In 
this series of graphs, the existence of a critical 
point (or concentration) beyond which the co- 
agulatory action of gamma globulin suddenly di- 
minishes with decreasing concentration is again 
apparent. Except for the graph illustrating the 
results with a beta to gamma ratio of 20: 1, this is 

bumin subjected to repeated salting out with (NHilsSO* 
which substantiate this observation — cf. C. Lange, Theory 
of the colloidal gold reaction. I. Reactions between gold 
sol and isolated protein fractions. J. Lab. and Clin. Med., 
1945, 30, 1006. 


seen to occur at a concentration of 0.3 fig. gamma 
globulin per 2.5 ml. gold sol. The discrepancy 
shown in the graph of the 20 : 1 ratio may be due 
to technical error since it represents a single deter- 
mination. 

Protective action was also evidenced by frac- 
tion IV-1 (alpha globulin) but was somewhat less 
than that exhibited by beta globulin. 

Since fraction IV-3,4 (mixed alpha and beta 
globulins) contained relatively little lipid as com- 
pared with both the fraction labeled alpha globulin 
and that labeled beta globulin, its protective action 



Fig. 4. Protective Action of Fraction IV-3,4 (aP) 
(pH 7.4) 

Relative proportions: 1.5 “13: 1 7, 

3.0 : 1 7, 4.5 a/9 ; 1 y. 
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was investigated and results were obtained as 
shown in Figure 4. The protein concentrations 
used for this series of tests were adjusted on the 
basis of Kjeldahl determinations (N X 6.25). The 
graphs show an effect similar to that produced by 
the protective action of the beta globulin fraction 
but somewhat more pronounced. In addition, the 
smallest concentration of gamma globulin capable 
of producing maximum coagulation of the sol in 
the presence of this fraction was about 3 times 
greater than that noted in. previous experiments. 
These results appear to indicate that the lipid ma- 
terial bound to the proteins in fractions III-O and 
IV-1 played no important role in the protective ac- 
tion of those fractions. 

The authors have tried, by combining the frac- 
tions in various proportions, to reproduce the 
cur\'e obtained when diluted normal blood serum 
(pool of 20 serums) reacts upon a colloidal gold 
sol. In making these trials it has been assumed 
that 0.5 ml. of a 1 ; 300 dilution of normal serum 
contains about 16 /ig. of gamma globulin. The 
normal serum curve shows its maximum, nearly 
colorless reaction at a dilution of 1 : 17,000 (about 
0.3 fig. gamma globulin) . The initial dilution of 
1:300 shows but a slight reaction indicating a 
high degree of protection, while less protection 
occurs as the dilution increases imtil the maximum 
coagulation occurs. In serial dilutions above 
1 : 17,000 the reaction diminishes rapidly. While 
similar cur\'es have been obtained with some 
“artificial serums,” these all contained greater 
quantities of the protective proteins than normal 
serum. In fact, ratios of protective globulin frac- 
tions to gamma globulin as high as 3:1 did not 
show so great protective action as that apparent in 
normal serum. 

DISCUSSION 

The experiments reported have been performed 
in the presence of a uniform hydrogen ion con- 
centration. The authors have unpublished data 
indicating that blood proteins other than gamma 
globulin will act as coagulants in the colloidal gold 
test at pH’s on the acid side of their respective 
isoelectric points and that the coagulant action of 
gamma globulin is enhanced by lowering the pH. 
Hence, it is understood that the discussion which 
follows is predicated upon performance of the 
test at pH 7 A. 


Although it is probable that the gamma globulin 
fraction used was not composed of a single chem- 
ical entity, there seems little doubt, as others have 
shown, that gamma globulin is the coagulatory 
protein involved in the colloidal gold reaction of 
blood serum. The role of senun albumin, how- 
ever, is not protective; in fact, it is inert toward 
colloidal gold in a milieu buffered at pH 7.4. The 
experiments reported leave little doubt that one or 
more beta globulins (and probably alpha globu- 
lins) are the proteins in blood serum which play 
the major protective role in this reaction. These 
considerations pose a number of interesting ques- 
tions which merit investigation by others wdth 
technical and clinical facilities which the authors do 
not have available. 

It seems logical to postulate that abnormal col- 
loidal gold reactions arise from either or both 
of 2 conditions: (I) Significant change in the 
gamma globulin content ot the body fluid and (2) 
alteration in the relative proportions of beta glo^ 
bulin (and possibly alpha globulin) as compared 
with gamma globulin. Thus, if this theory is true, 
a spinal fluid giving the ty'pical colloidal gold re- 
action of general paresis (zone I curs'e) should 
contain significantly less of the protective globu- 
lins and, in many instances, more gamma globulin 
than normal spinal fluid. Furthermore, a spinal 
fluid giving the type of curv'e associated with the 
bacterial meningitides (zone III curve) should 
contain significantly greater quantities of all glob- 
ulins, particularly of the beta type, than a normal 
fluid. Reaction patterns associated with certain 
other conditions, e.g., non-paretic CNS lues (zone 
II curv'e) , would be explainable on the basis of a 
moderately altered ratio of the protective globulins 
to the gamma globulin. Reactions obtained on 
blood serum in certain types of liver dysfunction 
are generallj' of the type v.'hich on this basis would 
be interpreted as arising from a relative decrease 
in protective globulin content, a hr'pothesis con- 
sistent with the theorj' that these globulins are 
elaborated b\- liver cells while gamma globulin 
ordinarily is produced elsewhere. The authors arc 
convinced that careful study of the reaction on 
tlie basis of these postulates will lead to a more 
nearly quantitative interpretation of the colloidal 
gold test. 

The utility of the colloidal gold test for tlie close 
estimation of gamma globulin content m.criLs fur- 
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ther careful investigation. The results reported 
suggest that there is a critical dilution of gamma 
globulin beyond which complete coagulation of 
2.5 ml. of a standardized gold sol does not occur 
at pH 7.4, With the sols used, this dilution was 
found to correspond to a concentration in the 
neighborhood of 0.3 fig. of the gamma globulin 
fraction. Even in the presence of protective col- 
loids within the range of concentrations normally 
encountered in body fluids, the highest dilution 
giving the maximum coagulatory action in a series 
of dilutions appears to depend upon a critical 
gamma globulin concentration. In the experi- 
ments reported, the critical concentration of 
gamma globulin in the presence of protective col- 
loids is not so sharply defined as in their absence 
but the authors feel that more nearly exact knowl- 
edge of the actual protein content of the experi- 
mental material and greater accuracy in measure- 
ments than that afforded by the serial dilution 
technic are needed before this effect can be judged 
critically. The experiments indicate that relatively 
pure gamma globulin fractions may be used to ad- 
vantage in comparing the sensitivities of different 
gold sols and in standardizing upon a uniform and 
reproducible type of sol. Conversely, the pos- 
sibility of using standardized gold sols in testing 
the purity of protein fractions seems worthy of 
further study. 

The significance of the fact that various combi- 
nations of the several protein fractions failed to 
reproduce the colloidal gold curve yielded by nor- 
mal human blood serum cannot be ignored. It is 
not impossible that some fraction other than those 
investigated comes into play in the reaction of 
normal serum, but it is also feasible to assume that 
alterations in the physical state of the proteins in- 
volved may occur, even with newer methods of 
fractionation, and so influence the properties of 
their artificial admixture as compared with those 
of serum. 

SUMMARY 

Experimental data showing the individual ef- 
fects of blood fractions on uniformly prepared col- 
loidal gold sols at pH 7.4 are presented which con- 
firm the coagulatory action of gamma globulin and 
whicli show that one or more beta globulins (and 
possibly alpha globulins) are responsible for the 


protective action of normal body fluids as distinct 
from the serum albumin which is inert. The use 
of gamma globulin in determining whether or not 
2 batches of gold sol are comparable is sug- 
gested'. Conversely, a standardized gold sol may 
be found useful in the analysis of blood fractions. 
In a discussion of the implications of these results, 
hypotheses are advanced to account for the usual 
types of colloidal gold reactions exhibited by body 
fluids in a milieu buffered at pH 7.4. 

BIBLIOGRAPHY 

1. Lange, C., Die Ausflockung kolloidalcn Goldcs durch 

Zcrebrospinalfliissigkeit bei luctischen Aflektionen 
des Zentralnerven-systcms. Ztschr. f, Qiemotherap. 
Leipz., 1912, 1, 47. 

2. Tiselius, A., Electrophoresis of serum globulin; elec- 

trophoretic analysis of normal and immune sera. 
Biochem. Jour., 1937, 31, 1464. 

3. Cohn, E. J., Oncley, J. L., Strong, L, E., Hughes, 

W. L., Jr., and Armstrong S. H., Jr., Chemical, 
clinical, and immunological studies on the products 
of human plasma production. I. The characteriza- 
tion of the protein fractions of human plasma. J. 
Clin. Invest., 1944, 23, 417. 

4. Williams, J. W., Petermann, M. L., Colovos, G. C,, 

Goodloe, M. B., Oncley, J. L., and Armstrong, S. 
H., Jr., Chemical, clinical, and immunological stud- 
ies on the products of human plasma production. 
11. Electrophoretic and ultracentrifugal studies of 
human serum albumin and immune serum globulins. 
J. Clin. Invest., 1944, 23, 433. 

5. Cohn, E. J., Strong, L. E., Hughes, W. L., Jr., Mul- 

ford, D. J., Ashworth, J. N., Melin, M., Taylor, H. 
L., Preparation and properties of serum and plasma 
proteins. IV. A system for the separation into 
fractions of the protein and lipoprotein components 
of biological tissues and fluids. J. Am. Chem. Soc., 
1946, 68, 459. 

6. Gray, S. J., Studies on the mechanism of the spinal 

fluid colloidal gold reaction. Proc. Soc. Exper. 
Biol. & Med., 1942, 51, 401. 

7. Kabat, E. A., Moore D. H., and Landow, H., An 

electrophoretic study of the protein components 
in cerebrospinal fluid and their relationship to the 
serum proteins. J. Clin. Invest. 1942, 21, 571. 

8. Lange, C., Methods for the examination of spinal 

fluid. Am. J. Syph., Conor., & Ven. Dis., 1939, 23, 
638. 

9. Lange, C., and Harris, A. H., The significance of the 

pH in the gold reaction. J.. Lab. & Clin. Med., 
1944, 29, 970. 

10. Lange, C., and Harris, A. H., A citrate gold of opti- 
mal and reproducible sensitivity for use in the col- 
loidal gold reaction. Its preparation and control. 
Am. J. Pub. Health, 1944, '34, 1087. 



THE EFFECT OF LOCAL COOLING ON THE FILTRATION AND 
ABSORPTION OF FLUID IN THE HUMAN FOREARM • ' 

Bv ELLEN BROWN, 1 CHARLES S. WISE , 2 and EDWIN O, WTIEELER^ 
{From the Department oj Physiology, Harvard Medical School, Boston, Mass) 

(Received for publication April 10, 1947) 


Studies relating to the effects of cold on the 
permeability of human capillaries to protein and 
fluid have assumed practical importance in recent 
years because of current interest in refrigeration 
anesthesia and cryotherapy, as -well as because of 
the casualties caused by exposure to cold during 
the recent war. Clinical (1) and experimental 
(2, 3) studies have shotvn that true frostbite in- 
creases the permeability of the capillary wall to 
both protein and fluid, but less is known quanti- 
tatively concerning the immediate effects of tem- 
peratures not sufficiently low to freeze the tissues 
but still injurious enough to produce serious le- 
sions such as "immersion foot” (4) , 

Lewis showed (5) that immersing the hands in 
water at various temperatures produced least 
change in their volume in the range from 15° to 
20° C. At 10° C. or less, and at 25° C. or more, 
their volume increased. After prolonged immer- 
sion at 5° C., aspirated edema fluid contained ap- 
proximately 3 per cent protein. These results 
suggested strongly that capillary permeability was 
increased by moderate cold but were not conclusive 
because the observed changes occurred while ve- 
nous pressure was elevated and because changes 
in vascular volume could not be entirely excluded. 
At about the same time Lange (6) came to the op- 
posite conclusion, viz. that the permeability of cu- 
taneous capillaries in man and the rabbit is de- 
creased by cold because the appearance in the skin 
of intravenously injected fluorescein was delayed 
at a temperature of 10° C. However, the rapid 
diffusibility of this dye makes it a veiy* uncertain 
indicator of capillaiy- permeabilitj' ; it seems more 
likely that reduced blood flow, not decreased per- 
meability, was responsible for the observed delay 
in staining of the skin. 

1 Research Fellow in Physiology, Commonwealth Fund. 

- Research Fellow in Physiology, Baruch Committee on 
Phj’sical Medicine. 

* Graduate Assistant in Medicine, Massachusetts Gen- 
eral Hospiul. 


To obtain more quantitative information, the 
pressure plethysmograph of Landis and Gibbon 
(7) was used to measure changes in the volume 
of extravascular fluid in the forearm during ex- 
posure to external temperatures ranging from 
44.5° to 4.5° C. It was found that moderate cool- 
ing (a) increased the extravascular volume of the 
forearm even W’hen venous pressure was normal, 
(b) decreased the rate of filtration produced by a 
given increase of venous pressure and (tr) de- 
creased the rate at which extravascular fluid was 
reabsorbed. The evidence is consistent with the 
view that the hiunan capillar}' wall becomes in- 
creasingly permeable to protein and fluid as en- 
vironmental temperature falls below 25° C., but it 
also appears that other factors influence the rate 
at which edema develops during exposure to cold. 

METHODS 

The pressure plethysmograph of Landis and Gibbon 
(7, 8) was used throughout. The particular advantage 
of this method is that the volume of a segment of forearm 
can be measured very predsely while it is exposed inter- 
mittently for brief periods to an external pressure of 200 
mm. Hg. This pressure is sufneient to collapse the blood 
vessels and thus to exclude almost completely the large 
and unpredictable changes in volume which are caused 
by vasodilatation or vasoconstriction. By excluding such 
changes in vascular volume, the accumulation of relatively 
minute amounts of extravascular fluid could be measured 
with little error. The effects of temperature could also 
be studied because the plethysmograph had double walls 
between which water at any desired temperature could be 
circulated. The apparatus and general metliods used in 
this study were essentially the same as those described by 
Landis and Gibbon (7) to whose paper the reader is re- 
ferred for a detailed description and diagrams. 

One important modification in procedure was introduced. 
Landis and Gibbon (7) began their observations after 
the subjects had reclined for 30 minutes with the forearm 
in the plethysmograph. In the observations now described 
the subjects reclined with the forearm supported in a ver- 
tical position for a total of 90 minutes, during the last 30 
minutes of which the plethysmograph was being adjusted 
and filled. This was done in order to insure complete ab- 
sorption (by the capillaries) or drainage (by the hm- 
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phatics) of any extravascular fluid that might have ac- 
cumulated as a result of previous activity or dependency of 
the forearm. This prolonged preparation increased the 
accuracy of the method and also led to modification of cer- 
tain conclusions reached by Landis and Gibbon (7). 

Temperatures were measured at intervals of 5 minutes 
or less by appropriately placed thermal junctions, viz. in 
the water surrounding the arm in the plethysmograph, on 
the skin of the forearm within the plethysmograph, on 
the skin of the wrist just outside the plethysmograph, and 
in room air near the plethysmograph. Water from a cool 
or warm reservoir was circulated at a rate of 5 liters per 
minute through the space between the inner and outer 
walls of the plethysmograph and through a jacket sur- 
rounding an accessory vessel between the plethysmograph 
and the burette (7). This kept the water surrounding 
the arm in the plethysmograph at the desired levels within 
1° C. except for transient deviations of not more than 
1.5° C., about the average which occurred occasionally as 
water moved rapidly into or out of the plethysmograph 
during determinations of volume. For the sake of brevity, 
only average temperature, i.e., 4.5° for 4° to 5° or 14.5° 
for 14° to 15°, etc., will be given in the text, it being un- 
derstood that the range was about plus or minus 0.5° C. 
as indicated in the charts and tables. 

The midpoint of the plethysmograph, with the forearm 
vertical, was placed level with the manubrium sterni. A 
pneumatic cuff, 15 cm. in width, was wrapped around the 
upper arm. Before beginning observations, this was in- 
flated to determine the lowest cuff pressure which would 
cause an increase in total arm volume. This precaution 
was taken to avoid possible errors which might arise if 
the diaphragms of the plethysmograph were applied so 
snugly that they themselves produced venous congestion. 
The same cuff was used in certain experiments to produce 
venous congestion. For this purpose, pressure in the 
cuff was raised to the desired level plus the additional cor- 
rection required because of the position of the forearm 
and the water surrounding it in the plethysmograph (7). 

Each determination of “reduced” or “avascular” fore- 
arm volume involved application of a pressure of 200 mm. 
Hg to the water in the plethysmograph for a period of 2 
minutes, during which burette readings were made every 
30 seconds. Only the last of each set of readings was 
used to calculate the change in reduced forearm volume 
that had occurred since the preceding determination. 
Pressure was usually applied for 2 minutes out of every 
10, 8 minutes being allowed for recovery. When venous 
congestion was imposed between successive determinations, 
the interval was increased so that the actual time during 
which filtration occurred and the forearm was not ex- 
posed to external pressure was 10 minutes. In certain 
control observations for special purposes, pressure was 
applied for 2 minutes out of every 5, 20, or 60 minutes. 

At the conclusion of each experiment the upper and 
lower circumferences of the segment of forearm within 
the plethysmograph were measured and the approximate 
volume of the segment was calculated. 

Four normal individuals, 3 male and 1 female, aged 
between 20 and 33, served as subjects throughout. A few 


supplementary observations were made on another female 
subject. 

OBSERVATIONS 

1. Control studies oj "reduced forearm volume” at 
34.5° C. 

Landis and Gibbon (7) observed a significant 
decline in reduced forearm volume during control 
obseiwations at this and other temperatures. By 
making few or many determinations over a period 
of 1 hour or more they concluded that this decline 
in volume was due chiefly to a real absorption of 
fluid and only slightly to the mechanical effects of 
the repeatedly applied external pressure. They 
omitted, however, the preliminary "emptying” of 
the forearm which in the present obser\'ations re- 
duced the volume of extravascular fluid to a mini- 
mum prior to each experiment. When this pre- 
caution was taken the existence of a systematic 
mechanical artefact became clear. 

In 2 experiments on each of the 4 regular sub- 
jects, reduced forearm volume was measured re- 
peatedly at intervals of 10 minutes for 60 to 80 
minutes while the water in the plethysmograph was 
kept at a neutral temperature, viz. 34.5° C. As 
shown in Figure 1 (solid dots and solid line) re- 
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5 TIME - MINUTES 


Fig. 1. Changes in Reduced Forearm Volume, in 
ML. PER 100 ML. OF FoREARM, UNDER RESTING CONDITIONS 

AT Plethysmograph Temperatures of 4-5°, 14-15°, 
24-25°, 34-35°, and 44-45° C. 

A pressure of 200 mm. Hg was applied to the contents 
of tlie plethysmograph for 2 minutes out of every 10 
for determination of reduced forearm volume. Subject 
J. S. 
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duced forearm volume decreased steadily; this 
was true of all 8 experiments. In 62 measurements 
of reduced forearm volume the average change per 
10-minute period was — .08 ml. per 100 ml. of 
forearm tissue (range from + .11 to — .33 ml. 
per 100 ml. of tissue; standard deviation .073). 
For the 3 male subjects the average change of re- 
duced forearm volume per 10-minute period was 
betrveen — .06 and — .08 ml. per 100 ml. ; for the 
female subject, — .13 ml. per 100 ml. In 2 similar 
experiments using a second female subject the 
average change per 10-minute period was — .16 ml. 
per 100 ml. 

To determine whether this slight but definite 
decrease in volume was due to true absorption of 
extravascular fluid or was simply a pressure arte- 
fact, serial determinations were made for a period 
of 1 hour at intervals of 5, 10, and 20 minutes. It 
was found that the rate of decrease in control vol- 
ume was related to the number of readings (and 
number of periods of external pressure) and not 
to total elapsed time. Thus, over a period of 60 
minutes, 12 determinations decreased the volume 
by an average total of —.79 ml. per 100 ml. of fore- 
arm, 6 determinations decreased it by — .55 ml. 
per 100 ml., and 3 determinations by — .28 ml. 
per 100 ml. The mean decrease of reduced fore- 
arm volume per determination at 5-minute inter- 
vals was —.06 ml. per 100 ml., and, at 20-minute 
inteiv’als, — .10 ml. per 100 ml. Both were within 
the limits of the probable error of the mean ( — .03 
to — .13) obsers^ed when determinations were 
made eveiy^ 10 minutes. 

In a single experiment, one pair of determina- 
tions 10 minutes apart was separated by a 60- 
minute inter\'al from anotlier pair of readings 10 
minutes apart. Reduced forearm volume did not 
change between the determinations separated by 
the inter\'al of 1 hour and the total change in vol- 
ume in 80 minutes during which pressure was ap- 
plied 4 times, was only — .15 ml. per 100 ml. 
Hence, if the forearm is first prepared bj' reducing 
excess tissue fluid as much as possible it appears 
that the gradual decrease in reduced forearm vol- 
ume at normal venous pressure is due not to true 
absorption of residual extra^-ascular fluid via tlie 
capillaries nor to lymphatic drainage, but to me- 
chanical and progressive squeezing out from the 
plethysmograph either of the plastic tissues of tlie 
forearm or of a slight amount of residual fluid. 


The adequacy of the precautions taken in pre- 
paring subjects was tested further by 3 experi- 
ments in which the amount of extravascular fluid 
was purposely increased by prior venous conges- 
tion wdth a pneumatic cuff inflated to 55 cm. water 
for an hour. After the usual 90 minutes of prep- 
aration, reduced forearm volume was measured 
every 10 minutes for an hour. The average de- 
creases in forearm volume per application were 
— .13 to — .21 ml. per 100 ml., i.e.^ slightty greater 
than in the control experiments but still not sig- 
nificantly different because thej- were still within 
the 95 per cent probabilit}"^ range of the control 
experiments (-f- .07 to — .23 ml. per 100 ml.). 

The 90-minute preparation period was therefore 
considered sufficiently long to allow for removal 
from the forearm of such excess fluid as might 
have been present when the subject first re- 
clined. Because the gradual decrease in volume of 
the forearm during control observations was ap- 
parently a mechanical artefact, the average de- 
crease per application of pressure at 34.5° C. for 
each subject was used as a correction factor in all 
quantitative interpretations of the remaining ex- 
perimental results. 

2. The effects oj tejuperature on reduced jorearm 
volume {or the volume of extravascular fluid) 
under resting condition and normal venous 
pressure 

The temperature of the water in the plethysmo- 
graph was constant within the limits given in Table 
I except for occasional transient excursions of not 
more than 1° C. beyond these limits during deter- 


TABLE I 

Relation between the temperatures of the plethysmograph and 
of the skin of the forearm within the plethysmograph 


Number of 

Plethysmograph 

Skin temperature within 
pleth y sm ogra ph 

ob9crv*ations 

temperature* 

Minimum | 

ilaximum 

20 

*C. 

4-5 

7.5 ] 

C. 

14.St 

10 

14-15 

13.5 1 

2 i.o: 

10 

24-23 

24.5 

28.5 

20 

34-35 

33.5 

35.5 

7 

44-45 

40.0 i 

43.5 


* Transient deviations il.O’ C. bc>'ond indicated ran;;c 
occurred occasionally. 

f 80 per cent between S.5® and 12.3’ C. 

X SO per cent between 14.0’ and 19.5’ C. 
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minations of volume. At plethysmograph temper- 
atures above or below 34,5° C. the skin within the 
plethysmograph was rarely at the same tempera- 
ture as the water because (o) a thin sheet of rubber 
separated the water from the skin, and (b) skin 
temperature was affected by blood flow, which was 
not interrupted except during the brief periods 
when external pressure was applied. Hence, as 
shown in Table I, during exposure to water at 4.5° 
C. skin temperatures were usually between 8.5° 
and 12.5° C, (This was about as much cooling 
as could be tolerated without unbearable pain over 
the hours required for a complete observation.) 
The temperatures of the skin and the plethysmo- 
graph were most nearly equal at 34.5° C., which 
can be regarded therefore as a close approach to 
"neutrar* temperature. 

The extent to which the forearm was exposed 
to cooling during the 30 minutes prior to beginning 
observations varied somewhat depending upon the 
ease or difficulty of the preliminary adjustments. 
Room temperatures ranged from 20° to 29.5° C. 
and, with one exception, changed not more than 
2.5° C. during any experiment. 

Figure 1 illustrates for one subject the changes 
in reduced forearm volume when measured at 10- 
minute intervals during continuous exposure of 
the uncongested arm to 5 temperatures ranging 
from 4.5° to 44.5° C. for periods of an hour or 
longer. At 4.5° C., the volume of the forearm in- 
creased rapidly at first and then more slowly; a 
similar but less marked increase in volume oc- 
,curred at 14.5° C. It has been mentioned that the 
apparent decrease at 34.5° C. is an artefact so that, 


in absolute terms, volume increased slightly even 
at 24.5° C. 

Table II summarizes the results obtained in 4 
subjects; observed and, for quantitative compari- 
son, also the corrected figures arc given. The 
latter were obtained by adding to each observed 
reduced forearm volume the total mechanical de- 
crease in volume expected to result from 6 appli- 
cations of pressure at 34.5° C. (6 times the average 
decrease per application of external pressure at 10- 
minute intervals as determined for the same sub- 
ject in the control experiments).* The average 
increase in volume of extravascular fluid at 14.5° 
C. was almost double and at 4.5°C. almost triple 
that at 24.5° C. Only small and inconsistent 
changes occurred at 44.5° C. It seems clear, how- 
ever, that the regular and progressive change in 
volume between 4.5° C. and 34,5° C. is arrested or 
possibly reversed at some temperature between 
34.5° and 44.5° C. The changes resulting from 
cooling were largest in E, B. and least in C. W. 

* To test the assumption that the pressure artefact was 
the same at low temperatures as at 34.5° C., 2 e.xperiments 
were done at 4.5° C. in which 2 pairs of determinations 
10 minutes apart were separated by an inteiwal of 60 
minutes. In each case the total increase in reduced fore- 
arm volume during 60 minutes of exposure to cold with- 
out applications of external pressure was considerably 
greater than that obser\"ed during exposure to cold for 
the same time when readings were made in routine fash- 
ion every 10 minutes. The validity of the assumption was 
also demonstrated quantitatively because the difference 
in volume at the end of 60 minutes of cooling with and 
without readings at 10-minute intervals was approximately 
equal to that expected from 6 applications of external 
pressure at 34.5° C. 


TABLE n 

Total change in reduced forearm volume {observed and corrected) during 60 minutes at temperatures from 4° C, to 45° C. 


Change in volume, ml. per 100 ml. of forearm 


Subject 

4 to s° C. 

14 to 15“ C, 

1 

24 to 25° C. 

34 to 35“ C. 

44 to 45“ C. 

Observed 

Corrected 

Observed 

Corrected 

Observed 

Corrected 

Observed 

Corrected 




+ .56* 

-t-1.02 

4- .26 

4- .72 

4- .01 

4- .47 

-.46t 

0 

-.64 

-.18 


4- .21* 

+ ,67 

-.05 

4- .41 

-.14 

4-.32 

-.46t 

0 

-.23 

4-.23 


4- .30* 

-f .67 

4- .37 

4- .74 

4-.06 

4- .43 

-.37t 

0 

-.46 

-.09 


-M.04* 

4-1.79 , 

4- .27 

4-1.02 , 

-.40 

4- .35 

-.75t 

0 

-.30 

4-.45 

Average 

(corrected) 


4-1.04 


4- .72 


4-.39 


0 


4-. 10 


* Average of 2 experiments. 

t Standard of reference and value used as correction figure. Six times the average change in reduced forearm 
volume per determination when an external pressure of 200 mm. Hg was applied for 2 minutes out of every 10 minutes. 


















CAPILLARY RESPONSE TO LOCAL COOLING IN HUMAN FOREARM 


1035 



TIME- MINUTES 


Fig. 2. Changes in Reduced Forearm Volume, in i-il. per 100 ml, or Forearm during and 
AFTER A 10-Minute Period of Congestion at 60 cm. Water Venous Pressure. Plethys- 
MOGRAPH Temperatures 34-35® and 4-5° C. 

Changes in reduced forearm volume tmder resting conditions at the same temperatures (see 
Figure 1) are indicated by dotted lines. Subject J. S. 


and E. W. ; this relation was fairly consistent 
throughout the whole series suggesting a real dif- 
ference between individual subjects. 

3. The effect of temperature on the relation be- 
tween venous pressure and filtration of fluid 

Landis and Gibbon (7) observed that during 
congestion at a given venous pressure, e.g. 60 cm. 
water, for 10 minutes, the volume of fluid which 
was filtered was greatest at 44° to 45° C. and least 
at 14° to 15° C., but they did not test the effect of 
still lower temperatures. Hence these observations 
were extended by experiments similar to those 
shown in Figure 2. 

After the usual preparation (totaling 90 min- 
utes) 2 determinations of reduced forearm vol- 
ume were made, 10 minutes apart. As external 
pressure was released after making the second 
reading, venous pressure was raised abruptly to 
20, 40. or 60 cm. water by inflating the pneumatic 
cuff around the upper arm. Venous congestion 
was continued for 10 minutes; the cuff was then 


deflated and reduced forearm volume was meas- 
ured immediately. Determinations of reduced fore- 
arm volume were then repeated at intervals of 10 
minutes for totals of 40 to 60 minutes in order to 
measure the rate at which the recently filtered fluid 
was reabsorbed or conducted away by the lym- 
phatics. 

At 34.5° C. (solid line. Figure 2, left) the ob- 
serv’ed increase in reduced forearm volume re- 
sulting from 10 minutes of congestion at a venous 
pressure of 60 cm. water was almost 2.0 ml. per 
100 ml. of forearm. After release of the congesting 
cuff, the volume of excess tissue fluid which had 
accumulated as a result of congestion decreased 
rapidly. For comparison, the changes in reduced 
forearm volume which took place in the same sub- 
ject at 34.5° C. when no congestion was applied 
are also shown (dotted line. Figure 2, left). At 
4.5° C., the effects of a similar period of congestion 
differed as follows; (c) reduced forearm volume 
began to increase even before venous pressure was 
elevated, (6) the total volume of fluid filtered dur- 
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ing congestion was less than at 34.5° C. rather 
than more as might have been expected if the only 
effect of cold were an increase in capillary perme- 
ability, (c) the rate of removal of excess fluid 
after release of the congesting cuff was slower, and 
(d) reabsorption stopped when the volume of ex- 
cess tissue fluid was approximately equal to that 
present after exposing the arm to a temperature of 
4.5° C. for the same time without congestion 
(dotted line, Figure 2, right). 

The results pertaining to filtration in a series of 
such experiments are summarized in Table III, in 
which all figures have been corrected to exclude the 
pressure artefact. In agreement with Landis and 
Gibbon (7), the volume of fluid filtered was always 
greater the higher the venous pressure at any given 
temperature. When venous pressure was 60 cm. 
water the average rate of filtration was greatest at 
34.5° C., least at 14.5° C., and then rose again to 
an intermediate value at 4.5° C. At a venous pres- 
sure of 40 cm. water, average filtration at 4.5° C. 
was clearly less than that at 34.5° C., but the dif- 
ference was not striking. At a venous pressure of 


TABLE in 


Effect of tcmpcralnrc of the plclhysmograph on rate of filtra- 
tion of fluid into the tissues of the forearm during 
10-minulc periods of venous congestion 


Con- 

Kcstinn 

pres- 

sure 

Subject 

Rato of filtration of fluid* 

4 to 
S°C. 

14 to 
15° C. 

24 to i 
25° C. 

34 to 
35° C. 

44 to 
45° C. 

cm. 

HtO 

20 

J.s. 

c. w. 

E. W. 
E.B. 

ml. fer 
100 ml. 
per min. 

.063 

.036 

.039 

.063 

ml. per 
100 ml. 
per min. 

.053 

ml. per 
100 ml. 
per min. 

.074 

ml. per 
100 ml. 
per min. 

.050 

.021 

.041 

.064 

ml. per 
100 ml. 
per min. 

.058 

Average 

.050 



.044 


40 

J.S. 

C. W. 
E. W. 
E.B. 

.099 

.065 

.096 

.102 

.107 

.106 

.121 

.067 

.111 

.137 

.118 

Average 

.091 



.109 


60 

J.S. 

c. w. 

E. W. 

E. B. 

.138 

.093 

.173 

.147 

.152 

.096 

.151 

.108 

.185 

.093 

.147 

.184 

1 .208 
.115 
.152 
.158 

.226 

I 

1 

Average 

.130 

i 

.102 

.152 

.158 



* All values corrected to exclude pressure artefact. 




PRESSURE - CENTIMETERS OF WATER 

Fig. 3. Rate or Filtration, in ml. per Minute per 100 ml. of Forearm during 10- 
Minute Periods of Venous Congestion with Cuff Pressures of 20, 40, and 60 cm. Water. 
Plethysmograph Temperatures 34-35° and 4-5° C. 

Changes in reduced forearm volume under resting conditions appear as filtrations at zero, 
congesting pressure at 4—5° C. Four subjects. Results corrected to exclude pressure artefact. 
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CC PER 100 CC. OF ARM 

Fig. 4. Relation betw-een the Volume of Excess Tissue Fluid Present, 

IN ML. PER 100 ML. OF FOREARM, AND THE RaTE OF ReABSORPTION OF FlUID, IN 
ML. PER illlNUTE PER 100 ML. OF FoREARM. PlETHYSMOGRAPH TeMPEPATURES 

4-5°, 14-15°, 24-25°, 34-35°, and 44-45° C. 

The volume of excess tissue fluid was obtained from the first 2 observations 
of reduced forearm volume after 10 minute periods of congestion at venous pres- 
sures of 20, 40, and 60 cm. water. Four subjects. Results corrected to exclude 
pressure artefact 


20 cm. tvater the filtration rates were approxi- 
mately the same at 4.5° and 34.5° C. because (a) 
at this relatively low venous pressure the effects of 
venous congestion were complicated by the swell- 
ing described above for the uncongested arm 
(Figure 1), and {b) the error for any single meas- 
urement was relatively great when small volumes 
of filtrate were involved. 

The linear relation between rate of filtration and 
grade of venous congestion is shown for 34.5° C. 
and for 4.5° C. in Figure 3. Reasons have bien 


given above for belieinng that after prolonged 
preparation of the forearm and at a temperature of 
34.5° C. the corrected, reduced forearm volume 
is practically constant. Hence, all 4 points relating 
to the resting forearm (zero congesting pressure) 
at 34.5° C. have been placed at zero filtration (Fig- 
ure 3, left). At this temperature filtration began 
as soon as venous pressure was raised above the 
resting level and increased linearly with increasing 
grades of venous congestion. At 4.5° C., filtration 
occurred at a rate of about .02 ml. per minute p>cr 
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100 ml. of forearm even at zero congesting pres- 
sure. At this temperature filtration also increased 
with increasing congesting pressure, but less rap- 
idly than at 34.5° C. 

The slopes of these lines permit estimation of the 
unit rate of filtration, i.e., the rate of filtration re- 
sulting from each centimeter rise of venous pres- 
sure, at each temperature. At 34.5° C. the unit 
rate of filtration was .0027 ml. per minute per 
100 ml. of forearm per cm. venous pressure (stand- 
ard deviation .00025) ; at 4.5° C., it was .0019 ml. 
per minute per 100 ml. of forearm per cm. venous 
pressure (standard deviation .00020). The 
chances are better than 3 out of 4 that this reduc- 
tion of 30 per cent in the unit rate of filtration was 
not due to errors of random sampling (k 1.18). 

It is noteworthy that at 4.5° C. the extension of 
the mean line crosses the line of zero filtration at 
a pressure of — 9 cm. water. The shift of the 
intercept toward the left (with respect to the in- 
tercept of the line fitting points obtained at 34.5° 
C.) is consistent with the view that cold (4.5° C.) 
increased the permeability of the capillary walls 
to protein and that the swelling of the forearm at 
normal venous pressure (Figure 1) was due to a 
reduction of the effective colloid osmotic pressure 
of the blood amounting to approximately 9 cm. 

' water. 

4. The effect of temperature on the rate at which 
recently filtered extravascular fluid is reab- 
sorbed after congestion 

Landis and Gibbon (7) observed that small 
amounts of excess tissue fluid sometimes were re- 
moved from the forearm less rapidly during cool- 
ing (14° to 15° C.) than at higher temperatures. 
This effect of cold is far more striking at 4.5° than 
at 14.5° C., as shown in Figure 4 where the rate 
of removal of fluid is charted against the volume 
of excess tissue fluid present at the time reabsorp- 
tion was measured. These values were obtained 
■ from measurements of reduced forearm volume 10 
minutes and 20 minutes after release of the con- 
gesting cuff in experiments similar to those il- 
lustrated in Figure 2. At each of the 5 tempera- 
tures designated, the rate at which fluid was 
removed was greater when larger volumes of excess 
tissue fluid were present because tissue pressure 
was raised by the accumulated fluid (7). At 34.5° 


C., a linear relationship became clear (correlation 
coefficient + .88) ; at other temperatures the points 
were more scattered. However, for any given vol- 
ume of excess tissue fluid, the rate of reabsorption 
was clearly least at 4.5° C. In agreement with ear- 
lier results (7) the rates of removal at 14.5° C, 
were not always reduced and the difference was less 
conspicuous. The results at 24.5° and 44.5° C. 
were so nearly within the zone of results obtained 
at 34.5° C. that conclusions are not warranted. 

The marked effect of cold (4.5° C.) on reab- 
sorption of tissue fluid and the importance of this 
factor in "immersion foot” are shown more graph- 
ically in Figure 2. At 34.5° C, reabsorption was 
almost complete within 60 minutes after the end 
of the period of congestion ; at 4.5° C. reabsorption 
was slower and remained incomplete, less than half 
of the filtered fluid having been absorbed at the 
end of 60 minutes. At 34.5° C., in 4 subjects, be- 
tween .43 and 1.19 ml. of fluid were removed per 
100 ml. of forearm tissue during the first 30 min- 
utes after a prior congestion at 60 cm. water for 
10 minutes. At 4.5° C. during a similar period 
only .10 and .32 ml. of fluid were removed in 2 
subjects and in 2 others the volume of tissue fluid 
increased by .05 and .59 ml. per 100 ml. of forearm 
tissue. This disturbance of fluid removal is com- 
patible with a reduction of the effective colloid 
osmotic pressure of the plasma amounting to ap- 
proximately 10 cm. water. 

DISCUSSION 

Determination of the volume of tissue fluid by 
means of the pressure plethysmograph was made 
more accurate by having the subject recline with 
the forearm supported in a vertical position for 90 
minutes before observations were begun. This pe- 
riod of preparation permitted capillary absorption 
and lymphatic drainage to evacuate any excess 
tissue fluid that had accumulated during immedi- 
ately prior activity or dependency so that equi- 
librium was established between the circulating 
blood and the volume of tissue fluid. Landis 
and Gibbon (7) did not use this precaution and 
concluded that successive applications of external 
pressure did not per se change limb volume con- 
sistently and that the decrease in volume was due 
to continued absorption. It appears now that they 
observed this transitory absorption because the 
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forearm contained tissue fluid remaining from pre- 
vious activity or d^endency. If excess tissue fluid 
has been removed by suitable preparation, neither 
filtration nor absorption occurs at 34.5° C. when 
the forearm is placed at heart level in the plethys- 
mograph, and the importance of a small and uni- 
form correction for a pressure artefact becomes 
clear. 

The correction for this artefact differed even in 
normal subjects, being almost twice as great in 
2 female subjects as in 3 male subjects. This may 
be related to differing proportions of muscle, sub- 
cutaneous tissue, and skin in their forearms ; but 
the possibilit}' that small amounts of tissue fluid, 
or even intracellular fluid, are expressed from the 
regions near the ends of the plethysmograph can- 
not be excluded. In anj' case it is important to 
eliminate any differences in the volume of tissue 
fluid which may be present in the forearm prior 
to each experiment and to determine the pres- 
sure artefact for each subject, especially if pa- 
tients with edema are to be studied. 

This small correction was relatively unimportant 
when large volumes of fluid were filtered (e.p. Fig- 
ure 2 and Table III) but became ver}' important 
in measuring fluid movement at normal venous 
pressure and in locating the lowest venous pres- 
sure at which filtration began. Thus, vdthout 
special preparation of the forearm, Landis and 
Gibbon found that at 34° to 35° C. venous pres- 
sure had to be raised by 10 to 17 cm. water before 
a definite increase in the uncorrected volume of the 
forearm could be produced. With proper prepara- 
tion and correction for the pressure artefact the 
line relating venous pressure and filtration passes 
very close to zero, which is more nearly in accord 
with the Starling hypothesis (Figure 3, left). 

It seems quite clear that cold can produce signifi- 
cant filtration of fluid at resting venous pressure 
(Figures 1, 2, and 3). This is consistent with 
direct or indirect injurj- of the capillar)' wall, in- 
creased capillar)’ permeability to protein, and low- 
ering of the effective colloid osmotic pressure of 
the plasma. The changes actually obseived dur- 
ing cooling of the plethysmograph to a given tem- 
perature corresponded to smaller changes of tis- 
sue temperature because (a) the temperature of 
tlie skin was always somewhat higher than that of 
the water in the plethysmograph (Table I), and 
(fc) deep tissue temperature was even higher than 


skin temperature (9) . Yet slight changes were ob- 
served when the plethysmograph was cooled to 
only 24.5° C. and w'hen skin temperature was only 
5 degrees below the levels usually found when 
exposed to comfortable environmental air. The 
effects became progressively more severe as tem- 
perature was reduced further. It was not possible 
to find any critical temperature at which a great 
increase in filtration appeared abruptly. Table II 
suggests that at some plethysmograph tempera- 
ture between 34.5° and 44.5° C. (skin tempera- 
ture betw’een 34.5° and 42° C.), the volume of 
the forearm remained most nearly constant. Above 
and below that temperature the volume of tissue 
fluid increased, on the average, even while venous 
pressure was normal. 

The possibility must be considered that the in- 
crease in extravascular volume of the uncongested 
forearm during exposure to cold was due to swell- 
ing of cells and not to accumulation of intercellular 
fluid. This was probably not the case for several 
reasons. In the first place such increase occurred 
at rates characteristic of fluid movement through 
the capillar)’ wall which has a permeabilit)’ to 
fluid between 100 and 3000 times greater than 
that of a t)’pical cell membrane (10). At 4.5° C., 
fluid accumulated on the average at a rate of .017 
ml. per 100 ml. of forearm tissue per minute. Con- 
tinued accumulation at this rate would produce 
definite pitting edema in about 10 hours, though 
developing tissue pressure would decrease the rate 
of filtration and thus make this period consider- 
ably longer. Second, fluid known to be filtered 
during venous congestion was not reabsorbed 
fully so that at the end of 80 minutes at 4.5° C. 
the extravascular volume after congestion and 
partial recover)- tended to equal that of the un- 
congested arm after the same period of exposure 
(Figure 2, right). Third, Lewis (5) was able to 
obtain several samples of edema fluid containing 
approximately 3 per cent protein by inserting 
needles into the subcutaneous tissues of the cooled 
hand. 

Other things being constant, it would be ex- 
pected that capillar)- injur)- would lead not only 
to filtration of fluid at normal venous pressure, 
but also to conspicuous increase of filtration rates 
observ-ed during venous congestion. YTiilc the 
former A\-as obser\-ed (Figure 1. Table II). the 
latter was not (Figure 3). 
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This may have been due, in part, to the neces- 
sity of exposing the forearm to some cooling dur- 
ing the period of 30 minutes required for adjust- 
ing the plethysmograph. Any fluid filtered at 
resting venous pressure during this time would 
raise tissue pressure and thereby impede further 
filtration. It is also possible that increased vis- 
cosity of the filtered fluid may have affected fil- 
tration, but the differences were greater than would 
be expected on this basis alone. Of more impor- 
tance, however, were the concomitant effects of 
temperature on blood vessels and blood flow in 
the cooled forearm. 

Even while cold was beginning to increase capil- 
lary permeability, it was also producing arteriolar 
constriction, reducing blood flow (9), reducing 
the gradient of capillary pressure (11), and prob- 
ably reducing the area of capillary wall available 
for continued filtration by stopping blood flow in 
some vessels entirely. Recent studies (9) have 
shown that blood flow in the forearm is about 
17.6 ml, per 100 ml. of tissue per minute at 45°, 
4.3 ml. at 35°, 0.7 ml. at 25°, and 0.5 ml. at 10 to 
15° C. Blood flow in the hand is affected simi- 
larly except for an increase below 15° C, (12), 
but this reactive hyperemia has been ascribed pri- 
marily to the opening of arteriovenous anastomoses 
in the finger tips (13). Incomplete studies (14) 
have shown that the collective volume of the blood 
vessels, i.e., the vascular volume, of the forearm 
is reduced to % by cooling from 34° to 24° C. and 
to 34 by cooling from 34° to 14° C. Unfortunatety, 
exact figures are not available for lower tempera- 
tures but there is little reason to expect an increase 
in either blood flow or vascular volume in the 
forearm at skin temperatures below 10° to 15° C. 
because there are few arteriovenous anastomoses 
in this region. 

It should be noted that such a decrease in blood 
flow would be expected to reduce the rate at 
which a diffusible dye such as fluorescein would 
enter the cooled skin. The results of Lange (6) 
can therefore be explained on the basis of dimin- 
ished transport of dye to the cooled tissues and do 
not indicate that capillary permeability is de- 
creased by cold. In similar fashion the decreased 
unit rate of filtration observed during exposure 
to cold was probably a secondary effect of vaso- 
constriction and hence not evidence against an in- 
crease of capillar)’’ permeability to protein. 


The degree to which permeability to protein ^vas 
increased by cold can be estimated in terms of the 
amount by which the effective colloid osmotic 
pressure of the plasma was reduced, as shown by 
the observed filtrations and absorptions. During 
the most extreme cooling, extravascular fluid ac- 
cumulated in the uncongested forearm at an aver- 
age rate of .017 ml. per minute per 100 ml. of 
tissue which, according to Figure 3, left, is equiva- 
lent to the effect of increasing venous pressure (or 
decreasing the effective colloid osmotic pressure) 
by 7.5 cm. water. Comparison of the intercepts 
in Figure 3 indicates that effective colloid osmotic 
pressure was reduced by approximately 9 cm. 
water at 4.5° C. The delayed absorption at 4.5° 
C, shown in Figure 4 is consistent with a reduction 
of effective colloid osmotic pressure amounting to 
approximately 10 cm. water. The effective col- 
loid osmotic pressure of the plasma would be 
lowered as much as this (7 to 10 cm. water) by 
the passage of a capillar)’^ filtrate containing 2 per 
cent protein (15) rather than the normal 0.3 per 
cent or less (16). 

Efforts to substantiate this conclusion by deter- 
mining the concentration of plasma protein in cap- 
illary filtrate by a modification of the method de- 
scribed by Landis cf al (16) were unsuccessful; 
values obtained varied too widely to be conclusive. 
It may be recalled, however, that Lewis found ap- 
proximately 3 per cent protein in edema fluid as- 
pirated from the tissues of the hand after prolonged 
exposure to cold. Despite possible contamination 
of these samples by blood plasma from mechanical 
injury or rupture of capillaries, these figures agree 
well with those calculated from plethysmographic 
measurements of filtration and absorption at low 
temperatures. 

In contrast to these effects in man it is note- 
worthy that Brown and Landis (17) found that 
the frog’s capillaries were affected quite differ- 
ently by cold as is, in fact, necessary for the sur- 
vival of a poikilothermic animal, exposed for long 
periods to very low temperatures. When local 
temperature was decreased 20° C. the permeability 
of the walls of single capillaries in the frog’s 
mesentery decreased 73 per cent and there was a 
significant increase in the total effective osmotic 
pressure of the blood. The cause for the latter 
is not clear although thermosmosis or the develop- 
ment of a transient effective osmotic pressure by 
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plasma constituents other than proteins are pos- 
sible explanations that need further study. If 
either of these factors plays any part in man, the 
results are unrecognizable because the injurious 
effects of cold produce more conspicuous changes 
in the opposite direction. 

In the human being, the effect of cold on the 
balance between blood and tissue fluid is chiefly 
the result of interplay between capillary injury 
and reduction of filtering (and absorbing) area. 
The first, by permitting the passage of protein, re- 
duces the effective colloid osmotic pressure of the 
blood and favors the formation of edema even when 
venous pressure is normal. It also prevents the 
reabsorption of filtered fluid. The second reduces 
or delays, but does not prevent, filtration when 
venous pressure is raised as in a dependent ex- 
tremity. It also delays conspicuously the reab- 
sorption of such tissue fluid as has been filtered 
previously. If temperature becomes sufficiently 
low, the edema-producing effects of injury may ex- 
ceed the edema-preventing factors related to les- 
sened filtering area and reduced blood flow. In 
Table III, it is shown that filtration during conges- 
tion at 60 cm. water declined from 34.5° to 14.5° 
C. but rose sharply again at 4.5° C. The appear- 
ance of striking edema in “immersion foot” (4) is 
explicable on this basis because the syndrome ap- 
pears when the dependent extremities are ex- 
posed for brief periods to verj" low temperatures 
or for longer periods to temperatures which are 
only moderately low. 

SUMMARY 

1. The pressure plethysmograph was used to 
measure changes in the extravascular ("reduced”) 
volume of the forearm in 4 normal human sub- 
jects, in order to determine the effects of local 
cooling on (a) the volume of tissue fluid under 
vesting conditions, (h) the rate of filtration of 
fluid per unit increase of venous -pressure and (c) 
the rate of reabsorption of excess tissue fluid after 
release of venous congestion. 

2. The accuracy of tliis method for measuring 
minute changes in the volume of tissue fluid has 
been improved (a) by el crating the forearm for 
90 minutes to remove residual tissue fluid before 
each observation, and (h) by measuring for each 
subject the small error or artefact introduced cadi 


time a volume is read while applying to the fore- 
arm an external pressure of 200 mm. Hg. 

3. Cold produced filtration of fluid and increased 
the volume of tissue fluid even in the uncongested 
forearm. The average rate of filtration at 4.5° C. 
was .017 ml. per 100 ml. of forearm tissue per 
minute. Smaller rates of filtration were observed 
at 14.5° and 24.5° C. At 34.5° and 44.5° C. re- 
duced forearm volume did not change significantly. 

4. The rate of filtration remained directly pro- 
portional to the increase in venous pressure even 
at 4.5° C., but the unit rate of filtration (ml. fluid 
per 100 ml. of forearm per minute per cm. rise of 
venous pressure) was 30 per cent less at 4.5° C. 
than at 34.5° C. 

5. Cold reduced the rate of reabsorption of pre- 
viously filtered fluid conspicuously at 4.5° C. and 
slightly at 14.5° C. 

6. The results collectively indicate that cold in- 
creases the permeability of the human capillary wall 
to protein. In the forearm exposed to water at 
4.5° C., this reduces the effective colloid osmotic 
pressure of the blood by 7 to 10 cm. -water. 

7. The relation between these findings and the 
pathogenesis of edema in extremities exposed to 
cold, e.g. “immersion foot,” is discussed. 
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AVC value lor Tmp-amlnowppuraic WaS ob” 
a patient, with sulfathiazole intoxication 
4 days of anuria and 5 days of marked 
This negative Tjopah is interpreted as in- 
not only that the tubule cells had lost their 
.0 excrete PAH but that a portion of the 
iltered by the glomeruli was escaping from 
)ular urine by back-diffusion. It is the pur- 
e of this paper to describe quantitatively the 
“m of glomerular and tubular functional 
;es following the period of anuria to apparent 
functional recovery. 

On March 1, 1945 an 8-year-old white female developed 
sore throat and fever. There was no history of previous 
renal disease. She received approximately 3.0 grams of 
sulfathiazole in the form of chewing gum from March 3 
to March 6. On March 6, vomiting occurred and con- 
tinued for 10 days; March 7, anuria appeared and per- 
sisted for 4 days, followed by marked oliguria for S days. 
On the third day of anuria, a discrete, mactilar, erythe- 
matous rash appeared on all 4 extremities, and ex- 
tended during the next 2 days to involve the face and 
become confluent on the upper extremities. On the 
fourth day of anuria, bilateral conjunctivitis appeared. 
The rash and conjunctivitis were present for 10 days. 
Systolic blood pressure ranged from 130 to 120 mm. and 
the diastolic from 96 to 80 mm. Hg from the fifth to the 
ninth day following onset of anuria. Three weeks later, 
the blood pressure was mm. Blood non-protein ni- 
trogen was 214 mgm. per cent 5 days following the onset 
of anuria and fell gradually to 21 mgm. per cent over a 
period of 3 weeks. Carbon dioxide combining power was 
48 and 57 volumes per cent on the sixth and eighth days 
following the onset of anuria. Plasma chlorides rose from 
71 milliequivalents to 104 in 3 weeks. The red blood cell 
Count, hemoglobin and plasma proteins were normal. 
Four days following onset of anuria, the patient voided 15 
ml. of urine in which a trace of protein was present, red 
and white cells were absent, and sulfathiazole crystals 
were seen; the plasma level of sulfathiazole at this time 
tvas 2 mgm. per cent. On the ses'enth and eighth daj's 
following onset of anuria, the urine contained moderate 
amounts of protein, 20 to 50 red blood cells per high 
power field, and innumerable white blood cells. In 3 
weeks, the urine contained no protein or cellular elements. 


Spontaneous diuresis occurred on the tenth day follow- 
ing the onset of anuria and apparently was not related to 
any specific therapeutic measure. 

The patient was discharged from the hospital 39 days 
after the onset of anuria, and has been observed for a pe- 
riod of 92.5 weeks following the onset of anuria at the 
Nephritis and Hypertension Qinic, New York University 
Qinic. She has attended the clinic at regular intervals 
and has been symptom free; edema has been absent and 
the blood pressure has varied from to mm. Hg; 
proteinuria reappeared and has persisted, varying from a 
trace to 2 plus. Hematuria and pyuria have been absent 

METHODS 

The rate of glomerular filtration, the effective renal 
plasma flow, and the maximal tubular excretory capacity 
(TbipabI measured according to the technique de- 

scribed by Goldring and Chasis (1).^ Intravenous in- 
fusion for maintaining plasma levels and bladder cath- 
eterization to insure complete bladder emptying were em- 
ployed. 

RESULTS 

The results of 5 determinations of specific renal 
functions are presented in Table I. Two weeks 
after the onset of anuria, the mannitol and p-amino- 
hippurate clearances were markedly below the 


TABLE I 


Time 
from 
onset of 
anuria. 

Plasma clearance* 

ToRAH 

Filtration 

fraction 

{C«/CpAIl) 

Proteinuria 

1 Manni- 
tol 
(Co) 

PAH 

1 (Cpah) 

1 

■seeks 

- 2.0 

3.5 

4.5 
7.0 , 

92.5 ! 

r*J. per 

ll-l -1 

o.O 1 
79.6 1 
10S.4 
91.0 

14.6 

220.4 

443.0 

448.5 

556.0 

niK. 
t-errzin. 
-1,1 
-9.4 
20.3 
42.7 1 
Sa.6 

1 

per Cent 

34.0 

17.7 

24.2 

15,6 

Trace 

None 

None 

Trace 

Two plus 


* All clearance values corrected to 1.73 square me;e,-s 
surface area. 


• Qcaranccs corrected as tuggested by Barker arrj 
Qark (2). 
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mean normal values for females (117 and 594 ml. 
per minute, respectively) and TmpAn had a negative 
value of — 1.1 mgm. per minute as compared to 
the normal value of 82.2 mgm. per minute (3). 
This observation was made 1 week after spontane- 
ous diuresis had occurred and while the blood urea 
was 93 mgm. per cent. 

Three and one-half weeks after the onset of 
anuria, the mannitol and p-aminohippurate clear- 
ances had increased significantly, while TmrAn con- 
tinued to have a negative value. 

Four and one-half weeks and 7 weeks after the 
onset of anuria, the mannitol clearance had re- 
turned to the normal range, the p-aminohippurate 
clearance was aproaching normal, and T tnpAH had 
increased to significant positive values. The blood 
urea at this time was normal and the urine con- 
tained no protein or abnormal cellular elements. 

Ninety-two and one-half weeks after the onset of 
anuria, the above renal functions were in the nor- 
mal range. The urine contained a moderate 
amount of protein. 

DISCUSSION 

Skin rash, conjunctivitis, anuria, sulfonamide 
crystalluria, and sulfonamide in the plasma 5 days 
after the onset of anuria are interpreted as mani- 
festations of sulfonamide intoxication. Protein- 
uria persisting for a period of nearly 2 years can be 
attributed either to sulfonamide intoxication or to 
some other concurrent process, e.g. diffuse glom- 
erulonephritis. The possibility that acute diffuse 
glomerulonephritis was superimposed cannot be 
excluded; but it does not change the significance 
of the pattern of acute renal functional impairment, 
which we believe is related to the prolonged pe- 
riod of anuria, rather than to a specific noxious 
agent.. The total dosage of sulfathiazole is rela- 
tively small, but it is known that sulfonamide in- 
toxication does not bear a uniform quantitative 
relationship to the amount of drug administered. 
Death from renal insufficiency has been reported 
in a 1 -year-old child following the administration 
of 0.65 gram of sulfathiazole (4). 

Smith has emphasized the limitations of the 
clearance methods in the diseased kidney (5). 
The use of mannitol as a measure of glomerular 
filtration is based on the assumption that none of 
the filtered mannitol is reabsorbed by the tubules. 


The markedly decreased mannitol clearance first 
observed following anuria cannot be taken as an 
accurate measurement of glomerular filtration, 
since the reduction may have been caused in part 
by tubular back-diffusion. liowever, we believe 
that the mannitol clearance is a reliable index of 
glomerular filtration weeks after the onset of 
anuria, since back-diffusion had apparently disap; 
peared, as indicated by the positive value for TmrAn 
and the normal value for the blood non-protcin ni- 
trogen. Plad tubular damage been extensive 
enough to permit back-diffusion of mannitol at this 
time, it is logical to assume that the more diffusible 
urea would also have diffused back, causing an 
elevation of the blood non-]irotein nitrogen. The 
anuria and azotemia during the acute episode may 
be attributed in part to glomerular and in part 
to tubular damage. 

It is probable that the PAH extraction ratio 
was reduced in the first 2 series of observations. 
A decrease in this extraction ratio has been re- 
ported after extreme reduction of renal blood 
flow in the dog (4, 6 to 8). Hence, until the 
last observation, the PAH clearance cannot be 
taken as accurately indicating the renal blood flow. 
Although the normal value of the filtration fraction 
at 4Y> weeks implies a normal extraction ratio at 
this time, tubular impairment was still present at 7 
weeks, as manifested by the reduced value of TmrAH- 

The negative TmpAn value after anuria indicates 
that PAFI was diffusing back through the tubules 
at some point.- It may be suggested as a mere 
speculation that the tubular segment most sus- 
ceptible to anoxic injury is the thin limb of the 
loop of Henle; on the supposition that PAH is 
excreted by the proximal tubule, a negative value 
of ^TinpAn does therefore not necessarily imply that 
this process of excretion was specifically impaired, 
though some impairment is certainly to be antici- 
pated after a prolonged period of glomerular dam- 
age or vascular spasm. Such marked functional 
disorganization is probably indicative of wide- 

- The maximal urine mannitol blanks observed in pa- 
tients in uremia have been approximately 3.76 mgm. per 
minute (9). Such a correction applied to those deter- 
minations in this patient in which negative Tm values 
were observed would not result in positive values for Tm. 
However, in view of the low mannitol clearance, it seems 
probable that some back-diffusion of both mannitol and 
PAH occurs. 
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Spread changes involving glomeruli, tubules, and 
interstitium, such as h^ve been described at ne- 
cropsy in patients with fatal, sulfonamide intoxica- 
tion (4). Luetscher and Blackman (10) reported 
an unusual increase in the concentration of serum 
sodium and chloride in patients with sulfathiazole 
intoxication at a time when oliguria and nitrogen 
retention were diminishing, and they correlated 
this finding with the renal lesions observed in the 
tubules at necropsy. At 3% weeks, despite the 
fact that glomerular function had apparently re- 
turned to the normal range, the persistent negative 
value for TmpAH indicates that the tubular cells were 
still so disorganized as to permit abnormal back- 
diffusion. It was not until 4% weeks after the on- 
set of anuria that a positive value for T mpAH W3S 
obtained. The eventual return of T mpAB to normal 
indicates that the tubular injury in this patient did 
not result in permanent loss of excretory capacity. 
Bradley (11) and Rubin (7) have observed nega- 
tive values for TmpAH in patients with diffuse glom- 
erulonephritis. 

The primar}' disturbance producing immediate 
and subsequent renal injur}’’ during anuria, whether 
the anuria is associated with diffuse glomerulo- 
nephritis, post-transfusion reaction, sulfathiazole 
intoxication, crush syndrome, battle casualties with 
peripheral circulatory failure, or ureteral trauma, 
may be renal ischemia. Theoretically, the course 
of events in this patient may have started with 
marked renal ischemia initiated reflexly from the 
ureter or from intrarenal pathology. 

SUMMARY 

Marked reduction in renal function was ob- 
served early in the postanuric stage in a patient 
with sulfathiazole intoxication. 


The filtration rate returned fairly rapidly to nor- 
mal. Tubular excretory capacity, however, was 
impaired for a longer period of time, but eventu- 
ally returned to normal, 

A negative value for TmpAH indicating abnormal 
tubular back-diffusion of PAH persisted for ap- 
proximately 4 weeks from the onset of anuria. 
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Recent studies of the effect of added Cytochrome 
C upon the respiration of tissue homogenates 
(1, 2) have led to the conclusion that the organ 
content of this respiratory enzyme is less than 
optimum ( 2 , 3 ). This has led to intensive investi- 
gation of the results of its parenteral administration 
to normal and anoxic animals and its effectiveness 
in clinical conditions characterized by tissue an- 
oxia (2 to 8). In view of the theoretical and 
practical implications of these observations, the 
effect of Cytochrome C upon the respiration of 
normal and anoxic tissue slices has been investi- 
gated. 

EXPERIMENTAL 

Wistar strain rats, varying in weight from 100 to 400 
grams, were used throughout this study. They were fed 
Purina Dog Chow ad lib, and were not fasted before sac- 
rifice. In all experiments the rats were killed by a sharp 
blow on the head. The heart or liver was excised as rap- 
idly as possible and placed in an iced, phosphate-buffered 
medium which contained 0.2 per cent glucose and whose 
ionic composition was as follows : 


Cation 

Concentration 

Anion 

Concentration 


meg. ter 1. 


meq. per J. 

Na 

150 

Cl 

142 

K 

4 

HPOil 

15 

Ca 

2 

H 2 PO 4 / 

Mg 

1 




The pH was 7.4. 

Liver slices approximately 0.5 mm. in thickness were 
prepared by means of a modified Stadie and Riggs tissue 
microtome (9). Heart slices of similar thickness were 
made by hand, using a razor blade as cutting tool and a 
glass slide as a template. Both types of slices were placed 
in an aliquot of well-oxygenated incubation medium at 
room temperature until placed in Warburg vessels. 

Respiration was measured at 37° C. by the direct 
method of Warburg. Each vessel contained 3.0 ml. of 
the incubation medium in the outer compartment and 
0.2 ml. of 10 per cent KOH plus filter paper in the center 
cup. Approximately 20 mgm. of tissue (dry weight) were 

^ Supported in part by a grant from the Life Insurance 
Medical Research Fund. 


used in each vessel. The vessels were equilibrated with 
varying mixtures of oxygen and nitrogen while being 
shaken in the constant temperature bath at the rate of 120 
oscillations per minute. Readings were started about 30 
minutes after the animals had been sacrificed. The tissue 
was removed at the end of the c.xpcrimcnt and the 
dry weight obtained. All determinations were made in 
duplicate or triplicate. The results for the liver slices 
usually checked within 10 per cent and for the heart 
slices within 15 per cent. Respiration rate cun'es were 
plotted and the best linear relationship obtained from the 
observed points. Results were e.xpressed as QO» (mm.* of 
Os per mgm. of dry weight of tissue per hour). 

Cj'tochrome C was prepared according to the method 
of ICeilin and Hartree (10). The preparation was car- 
ried only as far as the stage known to yield a product 
containing .34 per cent iron. The purity' of the material 
was based on its spectrophotometric analysis using a 
Beckmann spectrophotometer with 1 cm. cells. The 
optical density of a solution containing a known amount 
of the preparation was determined at a wave length of 
550 mM and a spectral interval of 1.5 mM. The concen- 
tralion was then calculated using the absorption constant 
proposed by Drabkin (11). The preparation used con- 
sisted of 55 per cent Cytochrome C and 45 per cent sodium 
chloride. Solutions were freshly prepared from the 
lyophilized powder on the day of each experiment. The 
amount of Cytochrome C added to the suspending medium 
was equal to or in excess of the normal concentration 
in the tissue studied ( 12 ). 

RESULTS 

The results of respiration measurements on 
liver slices at varying ox 3 ^gen tensions with and 
without added Cytochrome C are summarized in 
Table I. Respiration was measured over a pe- 
riod of 1 hour in slices equilibrated with 2.5 to 
20 per cent oxygen, following which 100 per cent 
oxygen was introduced and the respiration during 
recovery measured for a second hour. In addi- 
tion, liver slices were equilibrated with commercial 
nitrogen (ca. 0.5 per cent oxygen) for a period 
of 40 minutes following which 100 per cent oxygen 
was introduced and the rate of respiration meas- 
ured for 1 hour. During the period of equili- 
bration with nitrogen, there was no measurable 
respiration. It is apparent from the data presented 
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TABLE I 
Rat liver 


Ex- 

peri- 

Cyto- 

QOt 

QOi during 
anoxia 

QOs on recovery 

num- 

ber 

c 

■without 

Cyt.C 

with 

Cyt,C 

without 

Cyt.C 

with 

Cyt.C 

without 

Cyt.C 

with 

Cyt.C 


gamma 








per 








ml. 









100 per cent Oj 





1 

300 

7,6 

7.2 





2 

300 

5.9 

5.9 





3 

1200 

7.0 

6.5 


■ 





A.ve. 6.8 


■ 

■ 





100 per cent 0: 

20 per cent 0- 

too per cent Os 

4 

300 

6.0 


4.3 

3.1 

5.8 

4.6 

S 

500 

8.7 


5.0 

4.7 

7.4 

6.5 

6 

500 

9.2 


5.2 

5.6 

7.4 

7.0 

7 

500 

8.1 


4.6 

5.0 

7.4 

7.6 



Ave. 8.0 


4.8 

4.6 

7.0 

6.4 



100 per cent Os 

5 per cent 0- 

100 per cent Os 

8 

500 

9.0 


1.9 

2.4 

6.1 

6.1 

9 

500 

8.3 


2.4 

2.5 

7.0 

7.0 

10 

500 

8.5 


2.0 

2.0 

7.3 

6.8 



Ave. 8.6 


2.2 

2.3 

6.8 

6.6 



100 per centO; 

2.5 per cent Os 

100 per cent Os 

11 

500 

9.5 


1.8 

1.6 

7.7 

7.2 

12 

500 

8.9 


1.2 

1.3 

5.8 

6.6 

13 

500 

7.1 


1.4 

1.6 

5.8 

6.0 



Ave. 8.5 


1.5 

1.5 

6.4 

6.6 



100 per cent 0 

0.5 per cent 0 

100 per cent Os 

14 

500 

7.7 




6.0 

5.6 

15 

500 

9.£ 

> 



7.6 

6.6 

16 

500 

9.2 




7.2 

7,4 



Ave. 8.J 




6.9 

6.5 


that tl\e addition oi Cjiiodirome C had no demon- 
strable effect upon the rate of respiration of sur- 
viving liver slices. The metabolism of those slices 
which were exposed to oxygen concentrations below 
100 per cent was reduced in all cases. The magni- 
tude of the depression was roughh' proportional to 
the oxygen tension. Moreover, restoration of such 
anoxic slices to an atmosphere of pure oxygen re- 
sulted in a marked increase in the QO^. All re- 


turned to a level of approximately 6.5. However, 
the presence of C)^ochrome C in concentration of 
500 gamma per ml. did not cause an increase in 
oxj'gen consumption either during the period of 
exposure to low oxygen tension or after the tis- 
sue was returned to an atmosphere of pure oxygen. 
The oxygen consumption of liver tissue subjected 
to varying degrees of anoxia was in no ^Yay af- 
fected by the presence of greater than physiological 


TABLE u 

Rat heart 


El: 

peri- 

ment 

num- 

ber 

Cyto- 

chrome 

C 

QOt 

QOj during 
anoxia 

QOj on recoverj* 

without 

Cyt.C 

1 

1 with 
|Cyt.C 

without ^ 
Cyt. C i 

1 

with 

Cyt,C 

writhout 
Cyt, C 

with 

Cyt.C 

1 

2 

3 

4 

fflmrrns 

#<T 

sni. 

500 

300 

900 

500 

500 


i 

1 

] 

i 

! 

1 

i 



7.7 

9.0 

11.1 

12.7 

6.1 

7.1 

8.2 
9.6 
13.2 

lAve. 10.1 

1 

8,8 


1 

Qlgn 

20 per cent Os 

100 per cent Os 

5 

500 

10.7 


3.6 

3.3 

4.5 ' 

4.6 

6 

500 

12.31 


4.9 

4.5 

4.8 

6.8 

7 

500 

12.0 


4.3 

4.2 

5.7 

5.4 

8 

500 

11.5 


4.3 

3.4 

6.6 

5.6 



Ave. 11. oj 


4.3 

3.9 

5.4 

5.6 



100 per cent 0:| 

10 per cent Os 

100 per cent Oi 

9 

500 

wM 

■ 

1.8 

1.4 

1 

3.5 


10 

500 



2.0 

2.0 

3.3 


11 

500 



2.0 

2.1 

3.9 


12 

500 

7.7 

■ 

2.5 

2.4 

2.5 



1 

i 

Ave. 7.8j 


2.1 

2.0 

3.3 

3.6 



100 per cent 0:j 

I 5 per cent Os 

lOOperccntOs 

13 

500 

8.6 

1 

0.8 j 

0.7 

i 

2.0 



100 per cent Os 

0.5 per cent Osj 

1 

! lOOpcrccntO- 

i 

14 

500 

It.l 




1 

3.7* 

3.4* 

15 

500 

12.7 




3.7* 

3.9* 

16 

500 

11.5 




4J 

4.3 

17 

500 

6.9 




2.7 

3.2 



,4ve. 10.6 



i 

1 

3.6 

3.7 


• Single detenainatioa. 
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concentrations of Cytoclirome C in tlie suspending 
medium. 

Table II comprises a summary of essentially 
similar data resulting from studies of heart slices. 
It is apparent that the metabolism of heart slices 
was depressed by anoxia to a greater extent than 
in the case of liver slices exposed to the same oxy- 
gen tension. However, they did not show the 
same degree of recovery when returned to an 
atmosphere of 100 per cent oxygen. Cytochrome 
C had no effect upon the respiration of heart slices 
under any of tlie conditions considered. 

CONCLUSIONS 

1. The addition of Cytochrome C to the incuba- 
tion medium did not alter the rate of ox)fgen pn- 
sumption of surviving liver or heart slices equili- 
brated with 100 per cent oxygen. 

2. The reduction of respiration of heart and liver 
slices induced by lowering the oxygen tension was 
not affected by the addition of Cytochrome C to 
the suspending medium. 

3. The presence of Cytochrome C in the incuba- 
tion medium of anoxic tissue slices did not affect 
their respiration after restoration to an atmosphere 
of 100 per cent oxygen. 

4. The failure of added Cytochrome C to affect 
the rate of respiration of surviving tissue slices may 
have been due to non-penetration of Cytochrome C 
into the tissue cells or, if it penetrated, the in- 
creased concentration of Cytochrome C did not 
stimulate the rate of oxygen consumption. 

The authors wish to e.xpress their appreciation to 
Professor A. Baird Hastings for his support and guidance. 
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Although some objective measurements of the 
altered physidlogt' of the malarial host have been 
made in human patients rvith therapeutic P. vivax 
and P. falciparum infections (1), almost no such 
studies have been made of the circulatorj'^ and 
fluid compartment volumes in fatal malaria. 
Numerous conclusions regarding the altered fluid 
physiology of the monkey with fatal P. hnozvlesi 
infections have been made by Knisely, ct al (2), 
but these were, essential!}’, inferences based on 
microscopic observ^ations of the capillaries (omen- 
tum, stomach, intestine and peritoneum) of liv- 
ing animals. The present investigation was made 
to elicit oljjective information concerning the al- 
tered physiological mechanisms in monkeys fatally 
ill of malaria. 

M.ATERI.VLS AND METHODS 

The following control determinations were made in 23 
normal Macaeus inulata monkeys who varied in weight 
from ^.45 to 4.40 kgm. : (a) total plasma volume by a 
modification (3) of the T-1S24 dye dilution method of 
Gibson and Evans (4), (6) NaSCN (“extracellular”) 
volume by a modification (3) of the method of Crandall 
and .'Anderson (5), (c) plasma protein concentration by 
the CuSO, method of Phillips, Van Slyke, ct al (6), (d) 
arterial and venous blood oxygen content by the micro- 
gasomctric procedure of Roughton and Scholander (7), 
(r) circulation times by a modification (3) of tlie fluo- 
rescein method of Fishback, ct al (8), and (/) venous 
hematocrit values using Wintrobe tubes and centrifuging 
the heparinized blood for V} hour at 3.000 r.p.m. 

The total blood volume (TBV) was calculated from 
the measured plasma volume and average venous hemato- 
crit ^'aluc. The circulating red cell mass (TRBC) was 
calculated by subtracting the plasma volume from the 
total blood volume. The total circulating protein (TCPr.) 
was derived from the plasma protein concentration and 
the plasma volume. Each fluid volume measurement was 


' The work described in tliis paper was done under a 
contract recommended by the Committee on Medical Re- 
search. iKtween the Office of Scientific Research and De- 
velopment and the University of Tennessee. 

- Lieutenant-Colonel. M.C.. .XUS. 


related to the body weight of the animal at the time of 
the determination. 

Immediately following the control determinations, 16 
of the animals were infected with P. knotvlcsi by intra- 
venous injection of small amounts (0.25 to 2.00 ml.) of 
whole blood from other animals with acute infections. 
The survival period of these experimental animals was 
4 to 12 days with an average of 7.1 days. A total of 32 
sets of the above determinations were carried out on the 
16 animals, beginning on the second day post-inoculation 
and extending up to within % hour of death. Deter- 
minations of the level of parasitemia were made at least 
daily on each animal. 

Following the withdrawal of the last dye-NaSCN sam- 
ple, 1 ml. of femoral arterial and 1 ml. of femoral venous 
blood were airlessly withdrawn as near simultaneously as 
possible (within 2 minutes) and the oxygen content im- 
mediately determined by the Roughton-Scholander 
method. Immediate measurement of the O- content is 
imperative in the blood of the malarious animal (especially 
those at high parasitemic levels) because the parasites 
use oxygen at a rapid rate. Allowing the samples to 
stand, even using the precaution of storage at low tem- 
peratures as described by Roughton f7) for normal blood, 
will lead to gross errors in the true O- content of paludic 
blood. 

At tlie end of each set of determinations, i.c., after the 
O; content of arterial and venous blood and the circu- 
lation time had been measured, the femoral triangle was 
closed by 3 or 4 skin clips and the animal returned to the 
cage. Since no sterile precautions were observed on c.x- 
posing the artery and vein, some of the animals were given 
10,000 units of penicillin intramuscularly to minimize 
local infection. However, such precaution was not always 
taken and the few skin-clip infections which developed 
were treated as soon as they were discovered. Tlie right 
and left femoral triangles were alternated for serial 
studies. Local anesthesia was employed by infiltration 
of the femoral triangle region uitii 2 ml. of 2 per cent 
procaine. 

More pronounced alterations in fluid and cirailatory 
physiolo.gy were anticipated as the parasitemic level rose. 
Multiple measurements at each paras'tcmic level were 
desirable, but not always feasible. Con«CfjU'.-ntly. tb.e 
results have been analyzed by grouping tb.e data in a logi- 
cal but arbitrary manner. It v.as noted that if Ic's tlum 
10 per cent of the red cells of tb.e monkey were ic!ra‘!ti.*t!'.. 
the animal, while showing d.efinite clinical sign- (in. rcao-I 
body temperature, reduced b.cn’.at'',rTit, in-rea<'d ‘r.rtra- 
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cellular” fluid volume), is not acutely ill. At such levels 
the fatal course may be readily averted by adequate 
chemotherapy. Likewise, such animals arc alert and ac- 
tive ; peripheral blood can be readily drawn ; and the 
monkey has the outward appearance of a normal animal. 

However, with parasite levels at which more than 10 
per cent of the red cells arc parasitized, the fatal course 
is not easily reversed by chemotherapeutic intervention; 
the animals may be m}"asthenic and often appear de- 
pressed; it becomes increasingly difficult to draw blood 
from the peripheral veins or, at times, even to obtain 
capillary blood for smears. These conditions continue and 
become progressively more pronounced until death. 
Thus, we have divided the determinations made in this 
series into 4 groups: (J) normal (control) values, (2) 
values obtained on animals having less than 10 per cent 
parasitemia, (i) values obtained on animals having greater 
than 10 per cent parasitemia, and (4) values obtained 
within the 24-hour period preceding death. 

RESULTS 

In general the data are presented and discussed 
by comparing the averages of the 4 groups (Ta- 
bles I, II). Entirely similar results were obtained 


by calculating the changes in individual animals. 

Plasma volume. Figure 1 .shows the change.s 
in plasma volume expressed as ml. ])er kgm. of 
body weight. It will he seen that the plasma vol- 
ume increases throughout the course of the disease 
until just before death. Red cell destruction is 
a constant feature of active malaria ; and. there- 
fore, an increase in ])lasnia volume is not unex- 
pected. since the usual physiological mechanism 
for maintaining a constant blood volume in the 
presence of erythrocyte loss is plasma dilution. 
The terminal fall in plasma volume may reflect 
either (7) pooling of blood in regions which the 
dye cannot penetrate except by diffusion or (2) 
increased ca]:)illary leakage. Flowever, none of 
the plasma volume alterations reveal statistical 
significance (Table II). 

Blood volume. Although the plasma volume 
shows progressive enlargement until just before 
death from malaria, the whole blood volume is 
reduced early in the disease. It is obvious that 


TABLE I 


Comparison of average values in groups 1, 2, 3 and 4* 


Group 

Hct.t 

TPV 

PV 

per kgm. 

TBV 

BV 

per kgm. 

TEFV 

EFV 
per kgm. 

TRBC 

RBC 
per kgm. 

PI. Pr. 

TCPr. 


wsm 

1 



44.9 


75.1 

725.8 

208.9 


29.9 

6.97 

na 

6.9 

9.5 

s.d. 



8.9 


13.4 

169.5 

43.4 


6.4 

0.72 

■ia 

7.2 

7.7 

s.e. 


11.3 

1.9 


2.9 

43.8 

11.2 


1.4 

0.17 


0.4 

0.7 

2 

31.1 

158.8 

46.4 

231.5 

67.9 

1046.0 

322.4 

72.7 

21.3 

6.94 

10.6 

6.4 

9.3 

S.d. 

8.1 

32.9 

8.4 

47.6 

12.4 

473.6 

130.7 

27.1 

8.3 

0.64 

2.1 

2.5 

2.4 

s.e. 

2.0 

8.2 

2.1 

11.9 

3.1 

131.2 

36.3 

6.8 

2.1 

0.17 

0.6 

0.9 

0.7 

3 

24.2 

185.2 

51.6 


68.1 

1071.9 

314.1 

61.1 

16.5 

6.80 

na 


9.0 

S.d. 

6.7 

26.0 

6.4 


7.0 

398.9 

111.5 

23.6 


0.74 

m 


2.9 

s.e. 

2.6 

9.8 

2.4 



178.4 

49.9 

8.9 

1.9 




2.0 

4 

22.4 

1.33.6 

38.0 

157.2 





7.8 

6.44 

7.9 

7.7 

19.5 

S.d. 

10.6 

43.2 

12.7 

40.4 





3.7 

0.36 

2.5 

2.3 

10.5 

S.e. 

4.3 

19.3 

5.7 

18.1 

5.1 

145.7 

33.8 

4.7 

1.7 

0.41 

1.1 

1.3 

5.2 


* Group 1 — normal values (23 monkeys). 

Group 2 — animals witb less than 10 per cent parasitemia (17 animals). 

Group 3 — animals with greater than 10 per cent parasitemia at least 30 hours before death (8 animals). 
Group 4 — animals measured on the day of death (all had greater than 10 per cent parasitemia) (7 animals), 
t Hct. — hematocrit in per cent. 

TPV — total plasma volume in ml. 

PV per kgm. — plasma volume in ml. per kgm. 

TBV — total blood volume in ml. 

BV per kgm. — blood volume in ml. per kgm. 

TEFY — “avtracellular” fluid volume in ml. 

EFV per kgm. — “extracellular” fluid volume in ml. per kgm. 

TRBC — total erythrocyte mass in ml. 

RBC per kgm.— erythrocyte mass in ml. per kgm. 

PI. Pr. — plasma protein concentration in grams per cent. 

TCPr. — total circulating protein in grams. _ 

A-V O; — arterio-venous oxygen difference in volumes per cent. 

C. T. — circulation time (femoral vein to tongue) in seconds. 
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TABLE II 


Slalistical comparison {T values') of circulatory and fluid compartment physiology in groups 1, 2, 3, and 4i 


Between 

groups 

Hct. 

TPV 

PV 

per kgm. 

TBV 

BV 

per kgm. 

TEF\' 

EF\' 
per kgm. 

TRBC 

RBC 
per kgm. 

PI. Pr. 

TCPr. 

A-V 0: 

C. T. 

1 and 2 

4.04* 

0.32 

0.57 

1.94 

1.71 

2.31 

2.99* 

5.16* 

3.28* 



0.45 

0.20 

1 and 3 

5.85* 

1.46 

2.18 

1.14 


1.88 

2.06 

5.29* 

5.73* 

0.47 

1.25 


0.24 

1 and 4 

3.96* 

1.33 

1.16 

4.57* 


2.31 

2.82* 

14.29* 

10.18* 

2.36 

2.28 

0.54 

1.89 

3 and 4 


2.68 

2.21 

3.73* 


0.03 

0.51 

mm 

3.44* 

1.04 

3.75* 

0.74 

1.87 


* These values are significant at the 1 per cent level, 
t Footnotes in Table I applicable also to Table II. 


this reduction is entirely due to red cell destruc- 
tion -which begins with, or shortly alter, inocula- 
tion. However, the reduction in whole blood 
volume is not, in itself, serious until the terminal 
stages are reached when the average reduction is 
42.4 per cent. It is highly probable that such a 
loss may lead to circulatory failure and a fatal 
outcome. 

Erthrocyte mass. The loss in circulating red 
cell volume throughout the course of fatal P. 
kitoiulesi infections is almost linear (Figure 1). 
The average terminal reduction reached the high 
figure of 73.9 per cent at which time the average 
red cell mass per kgm. was but 7.8 ml. Neither 
the whole blood volume nor the hematocrit (Fig- 
ure 1, Table I) shows parallel alterations due to 
the fact that the plasma volume increases in early 
malaria and does not fall as precipitously as does 
the red cell volume in the terminal stages. 


Plasma protein. While the plasma protein 
concentration shows a small but progressive re- 
duction during the course of the disease (Figure 
2, Table I), the total circulating protein increases 
until just before death. The explanation for 
these results lies in the observed fact that there 
is a gradual increase in plasma volume until the 
day of death. The terminal fall in total circulat- 
ing protein (which is statistically significant [Ta- 
ble II]) indicates again that increased capillar}- 
leakage may occur near the end of the fatal course. 

Arterio-venous o.xygen difference. The difter- 
ence between the O; content of arterial and venous 
blood reveals minor changes during early malaria 
(Figure 2, Table I) with a marked terminal rise. 
Due to the drastically reduced blood volume and 
prolonged circulation time at this stage, the vol- 
ume flow throughout any portion of the capillary 
bed must be materially reduced terminally. 
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Fig. 2. Average Piivsioeogical Altekatioxs ix Fatal Simiax Malaria 


Therefore, such an increase in A-V difference at 
this time is not unexpected. 

Circulation time. During the early stages of 
malaria, the circulation time shows minor reduc- 
tions (Figure 2, Table I). That this is a con- 
comitant of dilution of the blood (loss of red 
cells and increase of plasma) and a lowered A'is- 
cosity is highly probable. Terminally there may 
be a doubling of the circulation time. Our re- 
sults indicate that although such a terminal slow- 
ing of the circulation could be due to intravascular 
agglutination which apparently occurs at this 

400 


time (2), it could likewise be ascribed to vaso- 
constriction which occurs to compensate for the 
reduced circulatory volume. 

"ExtraccUiilar” fluid volume. The volume of 
fluid which is available for the dilution of XaSCX 
(“extracellular”) increases in a progressive man- 
ner throughout the fatal course of P. kitotolcsi 
infections in the monkey. Actuall}’, the grouped 
data (Figiu'e 3, Table I) mask some of the more 
startling alterations of this volume in some of the 
animals. Usually the ap/’arciit “extracellular” 
volume exceeded 60 per cent of the bod}' weight 
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just preceding death of animals whose survival 
period and consequently the febrile period was 
prolonged (10 to 12 days). 

DISCUSSION 

Feldman and Murphy (1), who measured the 
blood and plasma volumes in sporozoite-induced 
malaria in the human being, pointed out that 
"the plasma volume is increased almost without 
exception during the active phase of vivax and 
falciparmn infections studied.” On the other 
hand, Knisely, et al (2) inferred from micro- 
scopic observations of the capillaries of living 
monkeys infected with kiiowlesi that “there is a 
progressively decreased circulating plasma, vol- 
ume.” • 

From the measurements reported- here, it is 
now possible to resolve these 2 divergent views. 
In early malaria (in fact, up until the day of 
death in simian malaria), the plasma volume 
is progressively increased. The patients stud- 
ied by Feldman and Murphy, while seriously 
infected, were not usually in the final stages of 
the disease. Indeed, there were noted in 1 pa- 
tient (described as being in shock) plasma and 
blood volume reductions of 46 and 57 per cent, 
respectively. This patient recovered following 
transfusion with whole blood and plasma. 
Knisely, et al, on the other hand, were observing 
the alterations in the monkey infected Avith an 
almost uniformly fatal type of malaria, and their 
conclusions were based primarily on observations 
made near the time of death. 

As was observed in the human being (1), the 
monkey shows a marked and progressive fall in 
the venous hematocrit value. These observ'ations 
do not support the subjective inference of Knisely 
tlrat at times “the venous blood shows high red 
cell counts (hemoconcentration) .” 

Since the early reduction in circulating blood 
volume is due entirely to red cell destruction, it 
follows that the oxygen-carr^dng capacity of the 
blood Avill be reduced by at least a similar per- 
centage. Indeed, since tlie presence of the para- 
site within the red cell reduces its abilitj* to carrj’ 
oxygen (by destroying hemoglobin) (9), onfe 
would expect an even greater decrease in the O, 
capacity of the arterial blood than the anemia 
would indicate. 


The severe reduction in the number of circu- 
lating red cells and in the ability of some of the 
circulating cells to carry oxygen is associated, at 
least terminally, with a 100 per cent increase 
(prolongation) of the circulation time. That tis- 
sue anoxia will result is an obvious corollary of 
these findings. 

At the outset, the progressive apparent increase 
in the size of tlie “extracellular” compartment in 
simian malaria was difficult to explain. As pre- 
viously mentioned, animals having the longest 
periods of survival (10 to 12 days) reA’^ealed 
apparent “extracellular” volumes which exceeded 
60 per cent of the body weight. Since the plasma 
volume and the body weight fall terminally, it 
is evident that in the malarious monkey NaSCN 
no longer measures the “extracellular” water. 
One of the present authors (10) has shown that 
in febrile conditions SCN enters the tissue cells 
and becomes diluted by the entire water mass of 
the body. 

Since the tissue cell, at elevated body tempera- 
tures, becomes permeable to the SCN ion which 
it normally excludes, it follows that cellular per- 
meability to native ions might also be altered 
under the same or similar conditions. Pinelli 
(11), Velick and Scudder (12), Zwemer, Sims 
and Coggeshall (13), Flosi (14), and Ivlorin, 
Bader, Monnier and Moreau (15) have all re- 
ported a decrease in blood sodium- or chloride 
and/or an increase in blood potassium concen- 
tration in malaria. 

Our observations indicate that such changes 
may occur as a result of altered cellular permea- 
bility in febrile states. That the entrance of Na 
and Cl into cells and the loss of K from cells 
might be accompanied by severe metabolic dis- 
turbances leading to a fatal outcome cannot be 
overlooked. 

SUMMARY AND CONCLUSIONS 

1. Repeated measurements of plasma, blood 
and “extracellular” fluid volumes, hematocrit 
values, plasma protein concentration, arterio- 
venous oxygen differences, and circulation time 
have been made in 16 Macacus n-.ulata monkeys 
with fatal P. knovksi infections. 

2. Statistically significant alterations in some 
of these A-alues appear early in the disease and 
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by mosquito inoculation without the development 
of clinical jaundice.^ 

MATERIALS AND METHODS 

The patients in the blood inoculation group were given 
initially either the McCoy strain of P. vivax or the 
McLendon strain of P. falciparum. After 3 to 6 days of 
fever they received an antimalarial drug under study. If 
there was complete suppression of parasites for 2 or 3 
weeks, they were then reinoculated from another donor 
and the second course of fever was allowed to run to a 
spontaneous termination. If this did not give them the 
required 75 hours of fever over 103°, they were inocu- 
lated with P. malarias or given a course of triple typhoid 
vaccine infusions. Thus most patients were inoculated 
more than once and their stay on the wards ranged from 
1 to 6 months. Inoculations were performed by trans- 
ferring from 0.1 to 4.0 cc. of citrated blood directly from 
one patient to the. other, the amount depending on the 
parasite density of the donor’s blood. 

Some characteristics of the patients treated are impor- 
tant in evaluating the results. They were almost all re- 
ferred by the Social Hygiene Clinics of the New York 
City Board of Health. In general they were from an 
economic stratum that is more prone to dietary deficiencies 
and alcoholism than the average civilian or soldier with 
naturally occurring malaria. In addition about 50 per 
cent had received fairly extensive arsenical treatment; 
only 11 per cent had received no prior antiluetic treat- 
ment. 

The bromsulfalein excretion was examined routinely 
on admission so that observations are available on all 
but a few patients. The 5 mgm. per kgm. dose was used. 
Any retention of over 15 per cent in 30 minutes, with a 
5-minute specimen designated as 100 per cent, was con- 
sidered abnormal. Of 400 patients on whom the test was 
done before treatment only 72 per cent were normal by 
these criteria. By contrast, all but 1 of the 27 conscien- 
tious objectors had readings well under 15 per cent, and 
the 1 exception had 2 determinations of 14 and 18. 

results 

The only significant difference in history and 
prelitninaiy work-up between patients who later 
developed jaundice and those who did not was 
in bromsulfalein retention. As shown in Table I, 
the former group had a significantly higher inci- 
dence of liver impairment demonstrated by that 
test than 100 patients picked at random from 
among those who did not develop jaundice. Dif- 
ferences were observed in the amount of previous 
exposure to the arsphenamines and excessive in- 
dulgence in alcohol, but these are not statistically 

= The author wishes to thank Dr. David P. Earle and 
Dr. Gordon Zubrod for supplying the data on these pa- 
tients. 


significant. The age and sex range of the jaun- 
diced patients was the same as that of the group 
as a whole. There was a somewhat higher inci- 
dence in those of the white race, but some attacks 
of jaundice may well have been missed in the ne- 
groes. No strain of malaria was associated more 
often with jaundice than any other. 

Half of the 36 patients became jaundiced while 
they were febrile with malaria. These will be re- 
ferred to hereafter as Group 1. Those occurring 
in the post-febrile period will be designated as 
Group 2. Of the 18 patients in Group 1, 6 oc- 
curred during the first bout of fever, 11 during the 
second and 1 during the third. In Group 2, 4 
occurred after the first bout, 12 after the second 
and 2 after the third. 

Fifty per cent of the patients in Group 1 and 88 
per cent of these in Group 2 had either mild sjrnip- 
toms or none at all. The remainder were more 
severely ill with such symptoms as marked an- 
orexia, vomiting, diarrhea, epigastric pain, pru- 
ritis, and in 1 case hematemesis and ascites. 
None died. Almost all had enlargement of the 
liver. The average duration of jaundice in Group 
1 was 13 days and in Group 2, 7 days. The diag- 
nosis of hepatitis was confirmed by tests for uri- 
nary bile and urobilinogen, icteric index or serum 
bilirubin and bromsulfalein excretion. In Group 
1, 7 patients had no drop in hemoglobin over the 

TABLE r 

Incidence of abnormal bromsulfalein retention among patients 
prior to blood inoculation to establish malaria 

21 patients who developed jaundice compared with 
100 patients picked at random who did not develop 
jaundice. 



1 Per cent bromsulfalein retention 

in 30 minutes 

! 


<16% 

<21% 

<31% 

<41% 1 

<51% 

Patients with jaun- 
dice, number 

12 

15 

18 

I 20 ' 

21 

Patients with jaun- 
dice, per cent 

57% 

71% 

86% 

[ 95% 1 

100% 

Patients without jaun- 
dice, number and per 
cent 

82 

90 

99 

100 



7 to 10 day period prior to the onset of jaundice, 
and 11 had an average drop of 1.3 grams, no more 
than the average patient has with the same amount 
of malaria. 



JAUNDICE IN THERAPEUTIC AIJD NATURAL MALARIA 


1057 



Fig. 1. Schematic Represektattox of the Time Relatiokships of the Ixocu- 
i-ATioxs WITH Blood to Induce Malaria, the Duration of Malapjal ant) Ty- 
phoid VAcaxE Fe^-er, and the Osset and Duratios of Jaundice 

The day of onset of the jaundice occurs at the zero line ; the scale changes at the 
far left. 


The relationship between the time of inoculation 
and the onset of jaundice is presented in Figure I . 
These data are presented in detail to illustrate the 
possibilit)' of a transfer of an icterogenic virus with 
the. transfer of blood utilized for inoculation of 


patients with malaria. In Table II the figures are 
broken down into groups and reveal that those 
who developed jaundice during malaria had in 
general shorter “incubation periods" than those 
who dcvcloj>ed their jaundice in a malaria-free 
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TABLE 11 

Number of days bctwceyi inoculation aftd o/tsct of jaundice 
(taking the maximum nutnber of days when 2 or more inocu- 
lations were performed) 

Group 1 includes those who developed jaundice while 
febrile with malaria, Group 2 those who developed it after 
their malaria had been terminated. 


Days Group I Group 2 

0- 40 7 1 

41- 55 8 6 

56- 70 3 7 

71-130 0 4 


interval. In 28 of the patients, 78 per cent, the 
period between the first inoculation and onset of 
the jaundice was over 40 days. All patients were 
on the wards at least 3 weeks before the onset of 
jaundice. 

There is additional data suggesting the pos- 
sibility of transfer of an icterogenic agent in in- 
oculation malaria. In 2 instances jaundice de- 
veloped in each of 3 patients who had received 
their infected blood from a single donor, and there 
were 4 patients who donated blood to 2 others 
who later developed jaundice. The intervals in the 
former group were 12, 32 and 111 days in one in- 
stance, and 17, 26 and 42 days in the other. In 
the latter group the intervals were 8 and 16, 10 and 
51, 44 and 118, and 53 and 66 days. The records 
available do not indicate how many patients re- 
ceived blood from these same donors and did not 
develop jaundice. 


DISCUSSION 

As far as is known, none of the drugs used in 
these studies to cure the malaria is hepatotoxic in 
the doses administered. In only 1 of the patients 
could hepatitis possibly be related to a drug, and 
that was a sulfonamide which was given to other 
patients who did not develop hepatitis. There is 
no reason to believe that the typhoid vaccine in- 
fusions caused the jaundice. Some of the cases 
may have been sporadic infectious hepatitis. 
There were always 15 to 30 patients in various 
stages of treatment associating closely with each 
other on the male ward. The cases were evenly 
distributed over a 2^-year period. One nurse 
developed t3"pical acute hepatitis during this pe- 
riod without known contact outside the hospital. 

Since no attempt was made to prove the trans- 
mission of a virus in any of the above reported pa- 
tients, the evidence for such an etiology of some of 


the jaundice occurring during and after therapeutic 
malaria is only suggestive. But the fact that in 
half of the patients hepatitis occurred after the 
termination of malaria suggests that some of that 
occurring during malaria may be of the same 
etiology. 

The incubation periods are on the whole con- 
siderably shorter than those reported for homolo- 
gous serum jaundice. Incubation periods as 
short as 2 weeks, however, have been reported 
(9). Neefe ef al (10) have reported changes in 
liver function tests in from 12 to 35 days after in- 
oculation, although jaundice did not appear until 
considerably later. It is possible that the combina- 
tion of an arsphenamine-injured liver and an in- 
tervening debilitating disease such as malaria may 
considerably shorten the time ordinarily required 
for the development of jaundice. 

Of great importance with regard to this work- 
are the recent reports by Neefe cf a/ (11) and by 
Havens (12) that the parenteral transfer of a 
virus isolated from an epidemic of infectious hepa- 
titis was followed by the same incubation period 
as the oral transfer, 20 to 37 days. Their data 
strongly suggest that there are at least 2 strains of 
hepatitis virus, and it is possible that strains with 
short as well as long incubation periods may have 
been responsible for our cases. 

The occasional occurrence of jaundice, after 
arsphenamines have been resumed following ma- 
laria, may well be homologous serum jaundice 
rather than the toxic effect of arsphenamines on 
top of that of malaria as suggested by Kopp and 
Solomon (1). Indeed, there may be a distinct 
similarity between the problems of arsphenamine 
and malaria hepatitis in luetic patients. The 
former has recently been shown to be caused 
largely by transmission of a virus through im- 
properly sterilized equipment (13, 14), a plaus- 
ible explanation for the increased incidence of 
arsphenamine hepatitis during epidemics of in- 
fectious hepatitis. 

Since the disease may be extremely serious, and 
since immune globulin has been shown to prevent 
infectious hepatitis if given early enough (15, 
16), it might be wise to give immune globulin to 
each patient inoculated by transfer of infected 
blood. The evidence for its effectiveness in pre- 
venting post-transfusion hepatitis is not as strik- 
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ing, but it was successful in a study reported by 
Grossman et al (17). 

The data presented suggest that care should be 
exercised in drawing conclusions about the effect 
of naturally occurring malaria on the liver from 
studies of blood inoculation malaria in sj^ihilitic 
patients. The returned troops with relapsing ma- 
laria have, on the whole, more normal livers to 
start with, they are inoculated by mosquitoes 
rather than the transfer of human blood, and their 
malaria is usually treated promptly rather than 
allowed to run for 1 to 2 weeks. 

SUMMARY 

Thirty-six instances of jaundice complicated the 
treatment of 450 syphilitics with malarial fever 
induced by blood inoculation. Only half of these 
occurred during an actual attack of malaria. 

None of 99 mosquito-inoculated patients de- 
veloped jaundice. 

The possibility that some of these attacks of 
hepatitis were caused by a specific icterogenic 
virus is discussed. 

Evidence is presented to show that an appreci- 
able number of patients with central nervous sys- 
tem syphilis have impaired hepatic function be- 
fore they are given malaria. 
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An increase in the amounts of the globulin 
components of the serum has long been recog- 
nized in advanced states of liver disease (1, 2, 3), 
although the significance of the alteration has 
never been defined. It has been the basis of the 
Takata-Ara, Weltmann and the formol-gel reac- 
tions which have be'en used for many years in 
the diagnosis of liver disease. The nonspecific 
nature of these tests is now clear following the 
demonstration that positive reactions are found 
in any disease showing marked hyperglobulinemia 
(4, 5, 6). More recently, several new serum re- 
actions, which appear to depend on small changes 
in the proteins of the serum, have been used for 
demonstrating liver disease. These include the 
cephalin flocculation, the colloidal gold and the 
thymol turbidity tests. The cephalin flocculation 
reaction has been studied in detail by Hanger and 
his coworkers (7, 8) and has been found to be a 
sensitive index of liver damage. The test may be 
positive in patients with liver disease who show 
normal serum protein values according to the 
usual methods of protein estimation and, con- 
versely, the serum of patients with marked hyper- 
globulinemia may show negative cephalin floccu- 
lation reactions. The exact serum protein con- 
stituent that is altered in liver disease and is 
responsible for a positive cephalin flocculation 
test has not been clearly established ; recent work 
by Hanger (8) appears to implicate albumin in 
addition to gamma globulin. The final solution 
to the problem is hampered by the complexity of 
the cephalin flocculation reaction, a fact which is 
also true of the colloidal gold reaction. 

The technique of the thymol turbidity test is 
much simpler, however, and probably consists of 
a direct precipitation of a protein appearing in 
liver disease by the addition of a thymol solution. 
It would seem, therefore, that a study of the 
mechanism of this reaction and the protein com- 

^ Deceased, August 2, 1946. 


ponent concerned would be more likely to yield 
clear-cut information regarding at least one of 
the proteins that appear in the blood stream dur- 
ing diseases of the liver. The present study was 
an attempt to elucidate the mechanism of the 
reaction and to define its significance in terms of 
clinical observations. 

MATERIALS AND METHODS 

The sera used in the study of the thymol turbidity 
reaction were selected from a group of 200 patients with 
infectious hepatitis and 65 patients with other liver dis- 
orders admitted to the Out Patient Department of the 
Hospital of the Rockefeller Institute. 

Technique of performing the thymol turbidity test. 
The thymol reagent was prepared as described by. Mac- 
lagan (9). Slight variations of this method produced 
unsatisfactory results. In alkaline solution thymol is 
somewhat unstable and turbidity of the reagent often 
occurs on standing. Exposure to air increases the tur- 
bidity of the solution and it was found important to keep 
the thymol reagent tightly stoppered. As the solution 
becomes increasingly cloudy, its activity decreases and it 
is important that only clear or very slightly turbid solu- 
tions be used. If properly prepared, the thymol reagent 
is satisfactory for at least one month. Although the pH 
of the thymol reagent was slightly lower than that origi- 
nally stated by Maclagan, it proved to be satisfactory. 

Three ml. of the thymol reagent were added to 0.05 
ml. of serum and the degree of turbidity measured in 
the Coleman Jr. spectrophotometer at 650 mn. This rep- 
resented a 1/60 dilution and corresponded to that orig- 
inally described by Maclagan. Figure 1 shows the tur- 
bidity of sera from cases of liver disease at various 
dilutions of reagent using saline dilutions as controls. 
It can be seen that the maximum turbidity was usually 
obtained at a 1/12 dilution and that differences in certain 
sera at the lower dilution might not be so marked at 
the 1/60 dilution. Although the use of lower dilutions 
has certain apparent advantages, all determinations dis- 
cussed in this paper were performed at Maclagan’s stand- 
ard 1/60 dilution. 

The degree of turbidity was compared with a BaSO, 
standard as described in a previous publication (10). 
This proved to be a satisfactory standard regardless of 
tube size or type of instrument used. The units of tur- 
bidity corresponded to those originally described by 
Maclagan using visual comparators. 
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to one part serum 

Fig. 1. Turbidity Readings as Measured in the 
Sfecirophotometer at Various Dilutions of Serum 
with Thymol Reagent 

Estimation o£ the degree of flocculation of the thymol 
serum mixture was also carried out in a number of 
patients. The finding of Neefe (11) that in certain 
patients, following an attack of infectious hepatitis, the 
24-hour flocculation with thymol reagent remained posi- 
tive for a slightly longer period than the usual thymol 
turbidity reaction, was confirmed. In general, however, 
the estimation of flocculation proved to be a less sensitive 
index than turbidity determinations, and did not furnish 
quantitative results. 

Electrophoretic analyses were made in diethylbarbituric 
acid buffer (m = 0.1, pH = 8.6) by the method of Longs- 
worth (12). Determinations of lipids were carried out 
by the gasometric lipid carbon method of Van Slyke and 
Folch (13). Total and free cholesterol of the plasma 
was determined by the method of Schoenheimer and 
Sperry (14). Extraction of lipids from serum -was done 
by freezing in the presence of ether as described by Mc- 
Farlane (15). A modification of Hanger’s method (7) 
was used for the determination of the cephalin floccula- 
tion reaction. Bromsulfalein retention was estimated by 
the method of Rosenthal and White (16) modified for 
the use of the Coleman Jr. spectrophotometer. Globulin 
was determined elcctrophorctically and bj- fractionation 
with Ka.SO, (17). In addition, quantitative measure- 
ments of globulin were obtained by a turbidometric tech- 
nique (18). 

Immunological experiments were carried out by inject- 
ing rabbits with S to 8 mgm. of thjmol protein everv 2 
days for 8 injections. The antiserum was absorbed with 
normal human serum. Precipitin tests were carried out 
by the technique of Swift, Wilson, and Lancelield (19). 


EXPERIMENTAL ’ 

I. The relation of the thymol turbidity reaction to 

the lipids in the serum 

It was demonstrated by Maclagan (9) that the 
precipitate resulting from the addition of thymol 
reagent to serum is high in cholesterol and phos- 
pholipids. Recant, Qiargaff and Hanger (20) 
found that sera from cases of liver disease from- 
which lipids had been extracted with ether no 
longer showed turbidity following the addition of 
thymol reagent. These observations indicated that 
lipids are an important factor in the thymol tur- 
bidity reaction. This work was confirmed and 
extended. Thymol w'as found to have a special 
effect on lipids in general. Any lipid emulsion 
tended to be broken up by the addition of a 
thymol solution. Figure 2 shows the effect of 
thymol in increasing the particle size of a lipid 
emulsion as viewed under the microscope. When 
such emulsions w'ere visualized with the naked 
eye, an increase in turbidity accompanied the 
change in particle size. This turbidity was purely 
the result of the physical alteration in the lipid 
emulsion resulting from the addition of thymol. 
Lipemic sera from patients with liver disease, 
nephrosis, diabetes, and thyroid disease all showed 
an increase in turbidity upon the addition of the' 
thymol reagent. This, however, was purely a 
physical change in the lipid emulsion, since no 
protein was precipitated as in the usual thymol 
turbidity reaction accompanying liver disease. 
The following example serves to illustrate this 
point. 

Three-tenths ml. of lipcmic serum from a patient with 
nephrosis was diluted 60 times with the thymol barbital 
buffer reagent. This gave an increased turbidity over 
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the serum with barbital buffer alone equivalent to 60 
units. The turbid mixture was- then spun for 3 hours 
in the centrifuge at 15,000 r.p.m. No sediment settled at 
the bottom of the tube, but a white layer formed at the 
surface leaving a clear solution underneath. Analysis of 
the surface layer showed that it contained 6 mgm. total 
lipid and 0.001 mgm. nitrogen. The material responsible 
for the turbidity had been brought to the surface of the 
solution by high speed centrifugation and was found to 
contain a negligible amount of protein. A similar ex- 
periment carried out on the turbid material resulting from 
the addition of thymol reagent to clear serum from a case 
of infectious hepatitis demonstrated that the cloudy mate- 
rial all settled to the bottom of the tube. Nitrogen 
analysis of the precipitate showed that it contained 0.44 
mgm. of N. Whereas the turbidity of this serum had 
been found to be equivalent to only 30 units, the material 
responsible for the turbidity consisted of a large amount 
of protein. 

It appears, therefore, that the turbidity pro- 
duced by the action of the thymol reagent on 
lipemic sera from subjects without liver disease 
is due to an increase in the particle size of the 
protein-free lipid suspension, while the turbidity 
produced by the reagent in clear hepatitis serum 
is due to the formation of a protein-lipid-thymol 
complex. 

Since certain sera from cases of liver disease 
are lipemic, it was of some importance to find a 
simple method of determining how much of the 
turbidity produced by the thymol reagent indi- 
cated a true reaction with precipitation of protein. 
When a thymol solution having the same pH as 
the usual reagent, but with a high ionic strength, 
was, added to clear serum from a patient with 
liver disease giving a positive reaction, no turbid- 
ity appeared. However, when this solution was 
added to an artificial lipid emulsion or lipemic 
sera from patients with nephrosis, the turbidity 
produced was the same as that caused by the low 
ionic strength reagent. The thymol altered the 
state of the lipids regardless of the ionic strength 
of the solution. The usual protein precipitation 
reaction occurred only with the low ionic strength 
thymol reagent. In evaluating the turbidity pro- 
duced in lipemic serum by Maclagan’s thymol 
reagent, the amount of turbidity due to protein 
precipitation alone was obtained by using as blank 
in the photometer serum with the high ionic 
strengtlr thymol buffer (Table I). 

The presence of lipids in the serum is also .an,. 
essential factor in the usual thymol turbidity reac- 


tion, as indicated by the fact that positively react- 
ing sera after extraction with ether no longer 
give the reaction. The essential role of the lipids 
was further borne out by the finding that surface- 
acting agents, such as various tweens, completely 
inhibited the formation of any precipitate in hepa- 
titis serum to which thymol had been added. 
Once formed, the thymol precipitate also dis- 
solved readily on the addition of small amounts 
of tween 80.= In other protein precipitation re- 
actions wdiich depended purely on the natural 
solubility of the proteins involved, the presence 
of tween actually enhanced the precipitation. The 
action of the tween was undoubtedly related to 
its effect on the state of the lipids involved in 
the reaction. 

Since the soluble lipids play an essential part 
in the th 3 'mol turbidity reaction, it seemed impor- 
tant to test the effect of the addition of various 
concentrations of lipid on the reaction. Because 
of the specific effect of thymol on lipid suspen.- 
sions it was important to keep the lipids in their 
most soluble state. As a result, lipid was added 
in the form of clear serum giving a negative 
thymol turbidity reaction. Four such sera -were 
chosen containing varying amounts of lipid. 
When each of these. sera was added to normal 
serum, the thymol turbidity reaction of the com- 
bination remained negative. However, when 
added to serum with a high gamma globulin level 

TABLE I 

Comparison of the turbidity in units obtained in the 
spectrophotometer for various sera upon the aMition of the 
thymol reagent, using as the zero control the same sera with 
(a) buffer alone, (&) high ionic strength buffer with thymol 


Type of serum 

Buffer at 
pH 7.6 and 

ti = .01 

Buffer + 
thymol at 
pH 7.6 and 

M = 1.0 

Cl^r serum from patients with 
infectious hepatitis 

26 

26 

Lipemic serum from patient with 
nephrosis 

52 

0 

Lipemic serum from patient with 
infectious hepatitis 

28 

16 


giving a positive thymol reaction, the turbidity 
of the combination was proportional to the amount 
of lipid in the added serum. This effect was more 
strikingly brought out by first extracting, the 

~ Polyoxyethylene sorbitan monooleate. 
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lipids from the serum of another patient with a 
high gamma globulin level in the serum. The 
thymol turbidity reaction was reduced from 22 
to 9 units by this procedure. Table II shows the 

TABLE II 


Relative effect of the addition of 0.2 ml. of sera, differing 
only in Iheir lipid content, in restoring a positive thymol 
turbidity reaction to 0.2 ml. ether-extract^ hepatitis serum 




Thymol 



Lipid 

Thymol 

turbidity of 

Protein in 

Lipid in 

content 

turbidity 

combination 

of serum 

of serum 

of extracted 

precipitate 

precipitate 

added 

added 

hepatitis serum ' 
and added serum ' 

1 


mgm. 
per cent 

units 

units 

mgm. 

mgm. 

500 

3 

14 

1.84 

1.11 

900 

4 

27 

2.S8 

2.46 

2000 

4 

SO 

3.41 

5.22 


relative effectiveness of various sera in restoring 
a positive thymol turbidity reaction to this ex- 
tracted hepatitis serum. It can be seen that the 
high lipid sera had a much greater effect than 
normal serum. The major portion of the in- 



Fic. 3. Eitect or the Additiox or SEr_\ Coxt.mn- 
ixc Variable Amounts or Linn on the Turbidity. 
Linn Content, and Protein Content or the Prx- 
ciriT.\TE Formed i.n Extr.\cted Hepatitis Serum with 
Thymol Reagent 


creased turbidity was due to increased precipita- 
tion of lipid as shown by the protein and lipid 
analyses of the precipitates. Figure 3 demon- 
strates more clearly the comparative effect of 
various lipid concentrations on the turbidity, pro- 
tein content, and lipid content of the precipitate 
formed with extracted hepatitis serum. The re- 
sults were obtained in the same experiment illus- 
trated in Table II. It is evident that, although 
there is increased precipitation of protein in the 
presence of higher lipid concentrations, the major 
portion of the increased turbidity is due to in- 
creased precipitation of lipid. In other words, the 
resulting turbidity reflected primarily the con- 
centration of lipid in the added serum. The re- 
lationship was so close that it was possible to use 
this system as a rapid method of estimating the 
concentration of lipid in an unknown serum. 

The above data demonstrated the marked influ- 
ence of lipid concentration on the thymol turbidity' 
reaction in a somewhat artificial system involving 
the addition of sera with variable lipid concentra- 
tions. In order to evaluate more clearly the effect 
of the concentration of lipids in sera on the reac- 
tion as it is usually applied, lipid analyses were 
carried out simultaneously on the serum of pa- 
tients with liver disease and the specific precipitate 
resulting from the addition of th3mol reagent. 
The amount of lipid in the precipitate varied from 
20 to SO per cent and was directly proportional to 
the concentration of lipid in the original serum 
(Figure 4). The turbidity- that is usually meas- 
ured in the thymol turbidity' reaction depends on 
both the protein and lipid that are precipitated. 
Since the concentration of lipid in the precipitate is 
proportional to the concentration in the serum, it 
is clear that the thj'mol turbidity- reaction actually 
determines in part the concentration of lipid in 
the serum of patients with liver disease. 

Despite the fact that the level of the lipids in 
the serum is one of the variables that is measured 
in the thjmol turbidity- reaction, a number of pa- 
tients with liver disease other than infectious hepa- 
titis have been obsen-ed with high lipid levels in 
the serum but with low or negative tinmol tur- 
bidity- test \-alues. Fractionation of the total lipid 
in these causes into the ch.olestero! and ph.ospho- 
lipid partitions did not reveal an\- specific effect. 
The addition of re-active protein, or serum contain- 
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Fig. 4. The Relation of the Lipid Content of 
Serum from Patients with Liver Disease to the 
Lipid Content of the Specific Precipitate Formed 
IN THE Thymol Turbidity Reaction 

ing reactive protein, always produced a positive 
reaction in proportion to the total lipid concentra- 
tion. The presence of the thymol-reacting pro- 
tein was the essential factor while the level of the 
lipids affected only the intensity of the reaction. 

II. Identification of the protein involved in the 

thymol turbidity reaction 

Maclagan (9) analyzed the precipitate obtained 
in a positive thymol turbidity reaction and found 
that it consisted of approximately 40 per cent 
protein. He suggested that this was probably a 
gamma globulin because of its low solubility.' 
Hanger and associates (20) were unable to obtain 
positive thymol turbidity reactions by adding 
gamma globulin electrophoretically separated from 
hepatitis sera to normal sera and various lipid 
fractions. They concluded that the protein in- 
volved in the reaction was probably an alpha or 
beta globulin and not in the gamma globulin 
fraction. 

(fl) Electrophoretic analysis of the thymol pre- 
cipitate. Studies of the precipitate obtained with 
thymol reagent were hampered by the large amount 
of lipid that was present. Turbid solutions were 
always obtained when attempts were made to 
dissolve the precipitate and it was impossible to 
obtain an electrophoretic pattern. Extraction of 


the lipids from the precipitate in the cold with 
ether alone, ether and alcohol, or acetone alone, 
always resulted in denaturation of the proteins in 
the precipitate. When removed from serum the 
proteins were apparently less resistant to the ac- 
tion of organic solvents. 

Attempts were also made to dissolve the pre- 
cipitate resulting from the thymol reaction in nor- 
mal serum and observe the change in the electro- 
phoretic pattern. Tlie high lipid concentration, 
however, still interfered and no conclusive re- 
sults could be obtained. The difficulty was finally 
overcome by the use of tween 80, a strong emulsi- 
fying agent. A 1 per cent concentration of this 
material did not affect the electrophoretic pattern 
of normal serum. A clear solution suitable for 
electrophoretic determinations was obtained in 
the following manner. 

Two hundred ten ml. of thymol reagent were added 
to 15 ml. of very reactive hepatitis scrum (3S units) at 
0° C. The precipitate was collected by centrifugation in 
the cold and suspended in 10 ml. barbital buffer con- 
taining 1 per cent tween at pH 8.5 and n = 0.1. This was 
then dialyzed in the cold against barbital buffer at the 
same pH and ionic strength. A small amount of sedi- 
ment that still remained was thrown down by centrifuga- 
tion and the resulting supernate was quite clear. 

Figure 5 shows the electrophoretic pattern of 
the protein solution obtained in the above manner. 
The sharp peak (&), representing almost the en- 
tire amount of protein present, had a mobility of 
1.6 X which places it in the gamma globulin 
fraction but with an unusually rapid mobility. A 




(Q) (b) (b) (Q) 


Fig. 5. Ascending and Descending Electrophoretic 
Patterns of the Protein Component of the Pre- 
cipitate Formed in the Thymol Turbidity Reaction 
Peak (a) =/3 globulin (/t = 2.83 X lO-®) ; peak (b) 
= 7 globulin (/t = 1.60 X 10-*). 
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small definite beta globulin peak (a) is also visible. 
In a second experiment with material from another 
patient, lipid and tween were removed by sub- 
jecting the protein to repeated precipitations from 
large volvimes of solution by lowering the salt con- 
centration. The final preparation contained no 
lipid and the electrophoretic pattern showed a 
single peak with the mobility of a gamma globulin. 
Further experiments with the thymol-precipitated 
protein in the absence of tween indicated that 
when all of the lipid was removed by centrifuga- 
tion at 12,000 r.p.m. at high salt concentrations, 
the remaining protein migrated extremely slowly. 
In 1 experiment the mobility was 0.5 X 10~®. 
It appeared as if the more lipid that was removed, 
the more slowly the remaining protein migrated. 

(6) Effect of the addition of gamma globulin to 
normal serum. The importance of the gamma 
globulin fraction was borne out in a series of ex- 
periments with gamma globulin separated elec- 
trophoretically from various types of sera. Con- 
siderable difficulty was encountered in adjusting 
the protein concentration, the ionic strength, and 
the pH of each fraction to exactly the same level 
because of the small and variable amount of gamma 
globulin that was obtained by electrophoretic sepa- 
ration. Slight variation in these fractions caused 
marked differences in their effect on the thymol 
turbidity reaction of serum and, as a result, this 
method of studying the protein component respon- 
sible for the reaction was not completely satisfac- 
tory. However, it was possible to demonstrate 
that gamma globulin fractions from certain sera 
demonstrating a very high thymol turbidity reac- 
tion, although negative alone, produced positive 
reactions with thyanol reagent when added to 
normal serum. The gamma globulin precipitated 
with thymol reagent only in the presence of lipid. 
The amount of turbidity' produced was propor- 
tional to the concentration of lipid in the serum to 
which the gamma globulin was added. No tur- 
bidity was produced with serum in the presence 
of a small amount of Uveen. 

That the gamma globulin fraction is important 
in the thymol reaction as it is usually carried out 
was also indicated by experiments where this frac- 
tion was removed from 2 positive sera cleclro- 
phorctically. The sera, after being brought to 
their previous state in ?.ll respects, except that the 


gariima globulin was absent, now gave a negative 
reaction. 

Comparison of gamma globulin preparations 
from various sera in respect to their ability to in- 
duce a positive reaction in the presence of lipid 
was attempted (Table III). Four mgm, of 

TABLE nt 


Comparative effect of equal concentraliorts of gamma glob- 
ulin, obtained from various sources, on the thymol turhtdily 
reaction of a high lipnd serum 


Source of ga-mma j 

globtiUa 1 

! 

1 

Thymol 
turbidity 
of serum 

Thymol turbidity 
of gamma globulia 
on addition of 
seruin containing 
950 mgm, 
per cent lipid 

i 

ur.ils 

ur.iti 

1, Hepatitis serum 1 

40 

26 

2. Hepatitis serum 

31 

28 

3. Normal serum i 

3 

16 

4. Normal serum 

2 

20 , 

S. Cirrhosis serum j 

4 

21 

6. Multiple myeloma serum * 

3 

8 


gamma globulin were added to each 0.1 ml. of 
serum used. The gamma globulin obtained from 
the serum showing the pattern illustrated in 
Figure 6a was slightly more active in inducing a 
positive thymol reaction than was that obtained 
from normal serum. It also appeared to be slightly 
more active than was gamma globulin obtained 
from the serum of a patient with cirrhosis of the 
liver which showed an increase in the gamma 
globulin fraction but a negative thymol turbidity 
reaction. A definite and clear-cut difference in 
activity' was obtained when the hepatitis gamma 
globulin was compared with gamma globulin from 
the serum of a patient with multiple myeloma. The 
latter serum had given a negative thymol turbidity 
reaction. Since all the gamma globulin prepara- 
tions had some actirity' in the presence of lipid, it 
was impossible to draw very' definite conclusions. 
Certainly, the activity' of the gamma globulin prep- 
arations was not proportional to the activity of 
the sera from which they were obtained. 

(c) The change in the electrophoretic pattern 
of hepatitis sentm jolloeiing rcmoz’al oj the thymol 
protein. In order to obtain further information 
about the protein or protein complex that is pre- 
cipitated with thymol reagent, electrophoretic 
analyses were carried out on 3 highly' active hepa- 
titis sera before and after rcmo-.'al of the th'.Tnol 
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Fig. 6. Ascending Electrophoretic Patterns before and after Removal of 
THE Thymol Precipitate in- 3 Patients Demonstrating Very High Values for 
THE Thymol Turbidity Test 

The dotted lines indicate the areas which were altered by the precipitation. 


precipitate. The thymol precipitate-free serum 
was obtained in the following manner. 

To 7 ml. of hepatitis serum, 98 ml. of thymol reagent 
were added. The precipitate was permitted to settle for 
30 minutes and then removed by centrifugation. The 
clear supernatant solution was dialyzed against saline 
until all traces of thymol were removed. The volume 
of solution was brought down by evaporation in the 
dialysis bag placed in front of an electric fan. This 
procedure was continued until the protein content of the 
solution was equal to that in the original serum minus 
the quantity in the thymol precipitate. Electrophoretic 
analyses were then carried out after the usual adjustment 
to a pH .of 8.6 and ^“ = 0.1 by dialysis against barbital 
buffer. 

By superimposing the tracings obtained before 
and after removal of the thymol precipitate (Fig- 
ure 6) , the differences in the electrophoretic pat- 
terns of the 3 sera are clearly visible. The pre- 
dominant alteration was in the beta globulin frac- 
tion. The question arises as to whether the change 
in this fraction is due solely to the removal of 
lipid from the serum as a result of the thymol pre- 
cipitation. A decrease in the beta globulin is 
known to occur with extraction of lipids from the 
serum by means of organic solvents. Calculation 
by planimetr)' of the protein lost from the gamma 
globulin peak showed some variation in the as- 
cending and descending patterns of the same se- 
rum. In addition, the amount of protein lost 
the precipitation was small in comparison with 


the total protein, less than 8 per cent in all 3 cases. 
It was, therefore, difficult to obtain exact evidence 
as to how much of the protein precipitated came 
from the gamma globulin fraction. The figures 
obtained ranged between 25 and 45 per cent with 
an average of 37 per cent for the ascending and 
descending patterns of the 3 sera. These results 
indicated a portion of the precipitated protein came 
from the gamma globulin fraction but that the 
largest portion came from the beta fraction. 

(d) Imiminological results. In order to find out 
more definitely whether the globulin precipitated 
in the thymol turbidity reaction is an abnormal 
protein or just an increased amount of normal pro- 
tein in the serum, antibodies to the protein illus- 
trated in Figure 5 were obtained in rabbits. The 
antiserum reacted strongly with normal serum, and 
no definite difference could be obtained with sera 
containing large amounts of gamma globulin or 
sera giving a very positive thymol turbidity reac- 
tion. Absorption of the antiserum with normal 
serum did not aid in demonstrating a difference 
between normal and hepatitis serum. 

(e) Effect of albumin on the thymol turbidity 
reaction. In view of the known effect of albumin in 
increasing the solubility of proteins in general and 
the specific effect of albumin on the cephalin floc- 
culation reaction (8), studies were carried out to 
determine its effect on the thymol turbidity reac- 
tion, Figure 7 demonstrates the fall in the values 
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for the thymol turbidity test in the serum of a pa- 
tient with hepatitis upon the addition of increasing 
amounts of concentrated human albumin; The 
albumin concentration of the serum had to be al- 
most doubled before much change occurred. 



Fig. 7. The Effect of the Addition of Various 
Amounts of Human Albumin on the Thymol Tur- 
bidity Reaction in the Serum of a Patient with 
Infectious Hepatitis 

In vivo studies with concentrated solutions of 
human serum albumin in patients with diseases 
of the liver have shown a definite decrease in the 
intensity of the thymol turbidity reaction of the se- 
rum following intensive therapy with this material. 
The decrease in the ^1)^101 turbidity reaction could 
be accounted for partly on the basis of an increase 
in plasma volume and on the in vitro effect of al- 
bumin described in the previous paragraph. How- 
ever, in certain patients the fall was too great to 
be explained in such a manner. An example of 
sucli an effect was seen in the case of a 12-year-old 
boy with verj’ severe acute infectious hepatitis ac- 
companied by edema and ascites. The administra- 
tion of three 25-gram units of albumin produced a 
fall in tlie thj-mol turbidity reaction from 27 to 7 
units with an increase of only 1 gram per cent in 
the serum albumin level. The change in plasma 
volume in this patient was approximate!}- 10 per 
cent. The ccphalin flocculation reaction showed 
no change during this period. The tln-mol tur- 
bidity reaction returned to its original level within 
6 days following cessation of therapy. Apparently. 


in the body, albumin may have a specific effect on 
the reaction not encountered in the in vitro ex- 
periment. The level of albumin in the body, there- 
fore, is another factor influencing the intensity of 
the thymol turbidity reaction. 

III. Clinical observations on the effect of the pro- 
tein and lipid components of the serum on the 
thymol turbidity reaction during the course of 
acute infectious hepatitis. 

In order to demonstrate further the influence of 
the lipid level of the serum on the reaction under 
study, lipid determinations were carried out on 

TABLE IV 


Average lipid concentration in the serum of patients with 
acute infectious hepatitis showing high thymol turbidity test 
values compared with those showing low values 



No. of 
patients 

Thymol 

Average 

Group 

turbidity 
test values 

total lipid 
concentration 

A 

6 

above 25 

1275 

B ' 

! 

6 

below 15 

610 


2 groups of patients during the early icteric phase 
of acute infectious hepatitis (Table IV). The 



Fig. 8. Relation between the Ele-.’ation or the 
Thymol Turbiditv Test and the Glodl-l;.*.- Lmx or 
THE Serum during the Convalescen't Petio'd or Ac-cte 
Infectious Hep.^titis 
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Fig, 9. Illustration of the Close Parallelism between Thymol Turbidity and Lipid Determina- 
tions Initially, and between Thymol Turbidity and Total Globulin Determinations during the 
Later Period in a Relapse of Infectious Hepatitis 


severity of the illness in the 2 groups was ap- 
proximately equal and they differed only in the 
intensity of the thymol turbidity reaction. None 
of the patients showed more than slight elevation 
of the globulin level. It can be seen that the aver- 
age lipid concentration in the sera of patients with 
high values for the thymol turbidity test was much 
greater than in the group showing low values. 

During the convalescent period of infectious 
hepatitis the influence of the lipid level became 
less pronounced and values for the thymol turbidity 
test paralleled the globulin level of the serum to a 
close degree. Figure 8 demonstrates this rela- 
tion in a group of patients during convalescence 
at a time when the lipid changes were minimal. 

The comparative influence of the protein and 
lipid components on the thymol turbidity reaction 
during the course of infectious hepatitis may also 
be seen from Figure 9. This chart illustrates the 
close parallelism of values obtained by simultane- 
ous determinations of the thymol turbidity reac- 
tion and plasma lipids in demonstrating a delayed 
rise during the course of a recurrence of acute 
infectious hepatitis. The total globulin level 
showed an even more delayed elevation and dur- 
ing the late convalescent period the thymol tur- 
bidity reaction followed the pattern of the globulins 
v&ry closely. Electrophoretic determinations dem- 
onstrated that the rise in total globulin was al- 


most entirely due to an increase in the gamma 
globulin fraction. 

DISCUSSION 

The experiments that have been described make 
it clear that there are 2 main components in serum 
that are important in the thymol turbidity reac- 
tion: (c) the protein component, (6) the lipid 
component. Electrophoretic analyses have indi- 
cated that these 2 components are not separate but 
are intimately related. The entire question re- 
volves about the difficult problem of loose protein- 
lipid combinations that migrate in the beta globulin 
fraction of -serum. The ease with which these 
combinations are broken makes it difficult to study 
the lipid-protein complexes individually. The ob- 
servations reported have shown a slower electro- 
phoretic migration of the protein as the lipid is 
removed and suggest the possibility that some 
beta globulins may represent light combinations 
of lipid and gamma globulin. 

In view of the specific effect of thymol on lipids 
in general, it seems logical to suppose that dilution 
of serum with a thymol solution would tend to 
throw lipid-protein complexes out of solution. 
The protein is carried along by the effect of thymol 
in decreasing the solubility of the lipids. In ad- 
dition, the low ionic strength buffer used in the 
reagent will sometimes precipitate gamma globulin 
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from hepatitis serum (18) in the absence of thy- 
mol. Such a buffer solution has been used by 
Wolff for detecting the globulin elevation- in ma- 
laria serum (21). The effect of the thymol in 
increasing the precipitate appears to be attributable 
to the action of thymol in decreasing the emulsifica- 
tion of lipids. The inhibitory effect of emulsifying 
agents on the thymol turbidity reaction also indi- 
cated that the protein precipitation was enhanced 
by the effect of thymol on the lipids in the serum. 
The reaction, therefore, probably results from a 
combination of the effect of thymol in decreasing 
the dispersion of the lipid component, and the 
effect of dilution with low ionic-strength buffer in 
decreasing the solubility of the globulin component, 
in such a way as to precipitate the protein-lipid 
combination. 

The fact that the lipids of the serum play a 
greater role in the thymol turbidity reaction than 
just forming a part of the protein-lipid-beta glob- 
ulin complex essential to the reaction, is indicated 
by the observations which demonstrated that the 
per cent lipid in the thymol precipitate is propor- 
tional to the total lipid in the serum of patients 
with infectious hepatitis. In addition, the experi- 
ments with mixtures of 2 different sera showed 
that a high lipid serum, although negative by it- 
self, markedly affected the intensity of the re- 
action of the combination. 

The effect of • gamma globulin in acting with 
normal serum to give a positive thymol turbidity 
reaction suggests a similarity to the cephalin floc- 
culation reaction where such an effect is also seen 
(8). One of the main points of dissimilarity be- 
t\veen the 2 reactions that has been cited (20) is 
that extraction of the lipids from hepatitis serum 
does not affect the cephalin flocculation reaction 
as it does the thjmol reaction. This, however, can- 
not be considered a fundamental difference be- 
cause, in the cephalin flocculation reaction, the 
cephalin-cholesterol reagent used supplies ample 
lipid to an extracted serum. The th)mol alters the 
state of the lipids of the serum so that a lipid 
globulin complex precipitates from the serum of 
certain patients with liver involvement. In the 
cephalin flocculation reaction, a lipid suspension 
is added to the serum so that a lipid globulin 
complex precipitates. The difference in the 2 
tests is mainly in the manner in which the lipid 


globulin precipitation is brought about. Clinically, 
the 2 tests are related, although occasional marked 
differences do occur (11, 22 to 24). One of the 
main discrepancies is seen in the earlier develop- 
ment of a positive cephalin flocculation reaction 
during the pre-icteric stage of acute infectious 
hepatitis. A possible explanation may lie in the 
fact that the lipids show a delayed rise in this 
disease, and, therefore, the effect of increased 
lipids on the thymol reaction would not be present; 

An increased concentration of gamma globulin 
was found electrophoretically in all sera showing 
a positive thymol turbidity reaction. Most of the 
positive sera but not all also showed increased 
amounts of beta globulin. There is difficulty in 
explaining negative reactions in certain patients 
with cirrhosis of the liver who have markedly in- 
creased gamma globulin levels, high beta globulin 
concentrations, high total lipid values and, in ad- 
dition, low plasma albumin. This should be the 
ideal situation for a very positive thymol turbidit}' 
reaction. The evidence for a qualitative difference 
in the increased globulin is not sufficiently con- 
clusive to explain such a case entirely, especially 
in view of the negative results obtained in immuni- 
zation experiments. Similar discrepancies have 
been noted in the cephalin flocculation reaction and 
Hanger and his associates (8) have obtained evi- 
dence that albumin plays an important role. This 
problem requires further study. 

In the course of studies on patients with various 
types of liver disease associated with marked h)'- 
pergammaglobulinemia, it was noted that most of 
them had equally high thymol turbidity ^’alues: 
approximately 35 units. This was also true of 
sera from patients with kala azar and schistosomi- 
asis with marked hjqiergammaglobulinemia. This 
represented a protein precipitation of approxi- 
mately 0.8 gram, a vety small portion of the gamma 
globulin of these sera. This was not true of pa- 
tients with multiple myeloma. The gamma glob- 
ulin elevation in this. disease appears to be ver}' 
different. A negative tlnmiol turbidity reaction 
vas always obtained. It appeared as if there 
vas a maximal amount of protein that could be 
precipitated. A possible explanation for this phe- 
nomenon may reside in the fact that all these sera 
showed approximately the same amount of lipid 
and, therefore, only a limited amount of lipid v.as 
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available to precipitate with globulin in the pres- 
ence of thyrnol reagent. More protein readily pre- 
cipitated if additional lipid was added. 

The close relation between the level of the lipids 
in serum and the intensity of the thymol turbidity 
reaction must be kept in mind in evaluating ob- 
servations by this test because of the frequent oc- 
currence of elevation of the plasma lipids in liver 
disease. The dependence of the test on 2 variable 
factors, the protein and lipid components, is some- 
what of a disadvantage to a clear analysis of the 
significance of the reaction. This may be the 
reason for the lack of correlation between the in- 
tensity of the reaction and the severity of illness 
observed in a clinical study of infectious hepa- 
titis (22). 

Serial determinations of the thymol turbidit}’- 
test during the course of infectious hepatitis have 
revealed that values for the test show a delayed 
rise following the onset of the disease and a pro- 
longed elevation during convalescence (25). The 
relative effect of the lipid and globulin components 
of the reaction upon this pattern was demon- 
strated. The values for the thymol turbidity test 
closely paralleled the plasma lipids during the 
acute phase of the disease and the total globulin 
level during convalescence. The prolonged high 
values for the thymol turbidity test following in- 
fectious hepatitis were due to persistent elevation 
of the serum globulins. These observations were 
substantiated by electrophoretic patterns taken 
during the course of this disease. During the 
early period of elevation of values for the thymol 
turbidity test the dominant abnormality was an 
increase in the electrophoretic beta globulin. This 
was a reflection of the elevated plasma lipids. 
Later the predominant aberration was an increase 
in the gamma globulin, which remained elevated 
as long as the thymol turbidity reaction remained 
positive. Thus, it is apparent that the thymol 
turbidity test has a different significance during 
different stages of a single disease such as acute 
infectious hepatitis. 

Determination of the lipid changes alone is not 
a sensitive index of acute liver damage, and there 
is no simple specific method of determining the 
small increases in globulin following such damage. 
The thymol turbidity test in reflecting the com- 
bination of these aberrations is a more sensitive 


index of liver injury than either one alone. Since 
the essential factor in the mechanism of the reac- 
tion is the increase in the globulin component fol- 
lowing acute liver injur)', investigations of the 
significance of the reaction really call for an un- 
derstanding of the corresponding hyperglobu- 
linemia. 

The serum globulins are known to show a de- 
layed rise in several diseases; this has been con- 
sidered to be a reflection of the development of 
antibodies. Recent studies on typhus (26), how- 
ever, have demonstrated tliat complement fixation 
tests and the Weil-Felix reaction did not parallel 
the alteration in globulin. The explanation for 
the change in liver disease is also very obscure. 
Liver biopsies obtained from the patients with 
marked hyperglobulinemia have revealed marked 
evidence of regeneration of liver tissue, suggesting 
that globulin elevation may be correlated with the 
healing process. 

SUMMARY 

1. The turbidity produced by the thymol reagent 
of Maclagan in the serum of patients with infec- 
tious hepatitis is shown to depend on the presence 
both of lipids and of abnormal lipid protein com- 
plexes migrating in the beta globulin fraction of 
the serum. The gamma globulin fraction of serum 
also plays an important role in the reaction. The 
relative importance of the different components 
in the reaction varies with different sera. De- 
velopment of the turbidity is prevented- if the 
lipids are kept in solution by the addition of a 
tween or are extracted with ether, or if the gamma 
globulin is removed. 

2. In lipemic sera the thymol reagent causes a 
nonspecific increase in the turbidity due to in- 
crease in particle size of the lipid globules. Cor- 
rection for this effect can be made by using a photo- 
metric blank prepared from serum and a thymol 
reagent containing such a high buffer concentra- 
tion that precipitation of the globulin component 
is prevented. 

3. Immunological studies did not reveal evidence 
that the protein concerned in the reaction was 
abnormal. 

4. A possible similarity between the mechanism 
of the thymol turbidity and cephalin flocculation 
reactions was discussed. 
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5. In patients with acute infectious hepatitis 
values for the thymol turbidity test w'ere found to 
parallel alterations in serum lipids initially and al- 
terations in gamma globulin during late convales- 
cence. 
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Litten (1) observed in 1881 that temporary 
occlusion of the renal artery in dog and rabbit 
for 1% to 2 hours was followed by tubular ne- 
crosis. In 1926 McEnery, Meyer and Ivy (2) 
clamped the blood vessels of both kidneys in 
dogs for periods of 30 minutes to 1 hour. This 
led to an increase in BUN ® and some animals 
died in uremia. Recently, Emmel (3) described 
the mitochondrial and pH changes in the rat’s 
kidney following interruption and restoration of 
the renal circulation. Scarff and Keele (4) re- 
moved the right kidney of rabbits and then 
clamped the left renal pedicle for periods up to 
120 minutes. After release the BUN rose rap- 
idly until death or reached a peak and, declined 
with recovery. Outcome did not always depend 
on time of occlusion. Van Slyke et al (5) found 
that in the dog, if one kidney was removed and 
the renal artery of the other clamped for 3 hours, 
the animal would recover following an elevation 
of BUN. With clamping of 4 hours, only half 
of the dogs recovered and at 6 hours the proce- 
dure was uniformly fatal with uremic death in 4 
to 8 days. Thus renal occlusion of more than 4 
hours was considered irreversible. Selkurt (6) 
studied the effect of temporary clamping of the 
left renal artery of the dog on subsequent left 
renal clearances. Ischemia of 20 minutes’ dura- 
tion practically eliminated creatinine and para- 
amino-hippuric acid clearances during observa- 
tions extending for 136 minutes after release of 
clamp. 

In the following experiments a study was made 
of the effects of temporary complete renal ische- 
mia in rats. 

METHODS 

Adult white male rats, weighing about 200 grams each, 
were anesthetized with intraperitoneal sodium pento- 

1 Aided by a grant from the Elisabeth Severance Pren- 
tiss Foundation. 

- BUN denotes blood urea nitrogen. 


barbital given in dosage of 25 to 35 mgm. per kgm. of 
body weight (0.3 to 0.4 ml. of a 2 per cent solution). 
With aseptic technique the kidneys were then exposed 
by lumbar incisions extending through the oblique abdomi- 
nal muscles, the renal pedicles isolated, and the renal 
artery and vein occluded by means of bulldog clamps. 
The latter were applied on right and left sides usually 
within an interval of 20 seconds. Ureters were not oc- 
cluded. Except for separation of adrenal from the kid- 
ney, no dissection of peri-renal fat was made. In all 
rats 0.5 ml. heparin was injected into the tail vein about 
10 minutes before clamping to retard intrarenal throm- 
bosis during the period of vascular occlusion. The 
heparin did not cause excessive bleeding. Food and 
water were withheld for about 10 hours prior to anes- 
thesia, and were given ad libitum following the operation. 

Complete renal ischemia was maintained bilaterally for 
exact periods of time, i.c., 30 minutes, 1 hour, 90 minutes, 
and 2 hours. The kidneys were generally dark purple at 
the end of these periods, but all became uniformly pink 
either within a matter of seconds or a few minutes after 
removal of the clamps. A group of 15 rats was studied 
at each time interval. 

Renal function was followed by determination of BUN, 
made according to the method of Ormsby (7) with 0.1 
or 0.2 ml. of blood from the tail. A control level was 
obtained prior to operation and then values were de- 
termined at fixed intervals following removal of the 
clamps, i.e., 6 hours, 24 hours, 2, 3, and 4 days, and in 
some instances 6 and 8 days. A sample of heart’s blood 
was taken for BUN in rats which died in uremia. 

The kidneys of all rats were removed for gross and 
microscopic study, either at the time of death or when 
the animals were sacrificed, usually from 4 to 8 days after 
the period of complete renal ischemia. A few rats in the 
90-minute or 2-hour group showed renal infarction at 
autopsy and these were discarded and replaced. There 
was no observable post-operative infection. 

Additional experiments indicated that the method used 
to produce complete renal ischemia was effective. In 5 
rats coronal section of the kidneys after application of 
the clamps was not followed by bleeding from the cut 
surface. Profuse hemorrhage occurred when the clamps, 
were released. Ten rats were sacrificed after periods of 
complete renal ischemia ranging from 30 minutes to 2 
hours. In 2 of these animals 1 kidney was left un- 
damped to serve as a control. Immediately after sacri- 
fice, with the .clamps still in place, the thoracic aorta was 
cannulated and perfused at an average pressure of 150 mm. 
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Fig. 1. Blood Urea Nitrogen following Complete Renal Ischemia for 30 Minutes 


Hg with warm physiological saline followed by Higgin’s 
india ink diluted 1 to 10 with saline. No gross coloration 
of the clamped kidneys was obtained. Microscopically, 
staining with india ink was practically negligible al- 
though pigment was observed occasionally in capillaries 
beneath pelvic mucosa and rarely in a few capillaries 
within the medulla, 

RESULTS 

After removTil of the damps, there was a pro- 
gressive rise in BUN either until death or until 
a peak was reached, followed by a gradual de- 
dine and survival (Figures 1 to 4*). The ani- 

^ Values for BUN arc in mgm. per 100 ml. of blood. 
For convenience the time of death is given to the nearest 
day. 


mals which died showed typical manifestations of 
uremia, i.e., weakness, apatht', somnolence, and 
diarrhea. The mortality among the 4 groups of 
rats is recorded in Table I. 

TABLE I 


Mortality in 60 rats follorjoir.g complete renal ischemia 


Numb®’ of 
ruts 

j DuTUtic5u of corr.pttte 
ischcmU | 

i 

15 

30 minutes 

frr cer.1 

0 

15 i 

I hour 

13 

15 i 

90 minutes 

75 

15 

2 hours 

100 
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Fifteen rats with complete renal ischemia for 
30 minutes. . There was no mortality in this 
group. In 14 of the 15 rats the BUN rose to a 
maximum 24 hours after return of renal circu- 
lation, the values ranging from 52 to 168, with 
a mean of 94. In 1 rat with a control BUN of 
25, a rise to only 37 was obtained at 6 hours. 
In every instance the BUN reverted to normal 
by the end of 4 or 6 days. 

Fifteen rats with complete renal ischemia for 
1 hour. Only 2 of the 15 rats in this group died, 
a mortality of 13 per cent. In the fatal cases 
■ death occurred 3 days after release of the clamps 


and the terminal BUN values were 312 and 400, 
respectively. 

Thirteen rats survived the renal ischemia. The 
maximum rise in BUN (105 to 256) usually oc- 
curred at 1 or 2 days. By the end of 4 or 6 
days the values in 6 animals had declined to 
normal, but were still slightly elevated in the 
remaining 7, i.e., 40 to 82. 

Fifteen rats with complete renal ischemia for 
90 minutes. Eleven of the rats died in uremia, a 
mortality of 73 per cent. Death occurred from 
2 to 6 days after the renal circulation was re- 



Fig. 2. Blood Urea Nitrogen following Complete Renal Ischemia for 1 Hour 
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ired and the terminal BUN ranged from 244 
560. 

Four animals in this group survived the renal 
:hemia after attaining a BUN ranging from 
10 to 260. At the time of sacrifice on the eighth 
ly, the blood level was still slightly elevated in 
rats (Figure 3). 

Fijteen rats with complete renal ischemia for 
hours. All rats in this group showed a pro- 
•essive rise in BUN and died in uremia from 
to 4 days after renewal of renal circulation 
Figure 4). 


Morphology 

The kidneys of most rats in the 30-minute 
group and of some in the 1-hour group showed no 
significant gross abnormality. In the remaining 
animals the kidneys were general^ normal in 
size or slightly enlarged and frequently revealed 
bulging on section. The most distinctive change 
was the presence of a homogeneous cream-colored 
zone involving the entire inner portion of cortex. 
This contrasted with the outer cortex which was 
light red or brown. The medulla was pale pink 
and not remarkable. 



Fio. 3. Blood Uke.^ Xitzogex fouxwtkc Cosipixte Rzical IscHEriz rps PO Jfr.vtrzs 
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Microscopically there was necrosis of tubules, 
involving principally proximal convoluted tubules 
in their distal or descending segments. The lesion 
was usually slight in rats with a 30-minute period 
of complete renal ischemia, more severe in degree 
and distribution in rats with ischemia of 1 hour’s 
duration, and massive in animals which died in 
uremia, i.e., chiefly those in the 90-minute and 
2-hour groups. 

The necrotic tubules showed loss of nuclei and 
the lumens w’ere occluded by coarse acidophilic 
debris derived from desquamated cells. Loops of 
Henle and distal convoluted tubules contained 


acidophilic hyaline casts, often with interspersed 
pyknotic nuclear fragments, but the epithelium 
was preserved. The lumens of the collecting tu- 
bules were filled with amorphous pink staining 
casts. In general the glomeruli showed no sig- 
nificant morphologic change although some were 
reduced in size. No lesion of blood vessels was 
found. In the vicinity of necrotic tubules there 
was a slight focal interstitial exudate of lympho- 
cytes and a few polymorphonuclear leucocytes. 

In the more severely injured kidneys, the des- 
quamated material within the necrotic tubules was 
frequently the seat of superimposed calcific de- 
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posit. This was negligible or absent in all rats 
with renal ischemia for 30 minutes and in most 
rats with ischemia of 1 hour’s duration. The 
calcific material was in granular basophilic form 
in the early stage and later appeared as large, 
coarse, discrete or confluent masses attached to 
the lining of the tubules, often filling the lumens, 
and completely replacing the necrotic debris. 

Regeneration of necrotic tubules was indicated 
by formation of new lining epithelial cells with 
vesicular nuclei and frequent mitoses. When 
sacrificed, all rats in the 30-minute group and 
most of those in the 1-hour group showed almost 
complete removal of necrotic material. The tubu- 
lar lumens were generally dilated and lined by 
intact flat epithelium. There was marked reduc- 
tion in the number of casts. Rats which died in 
uremia usually showed only slight or negligible 
repair. In 7 surviving rats, i.e., 4 in the 1-hour 
group and 3 with 90-minute renal ischemia, re- 
generation was incomplete since numerous tubules 
contained calcific masses in place of the necrotic 
debris. A similar change was also observed in 
several rats among the 90-minute find 2-hour 
groups which died in uremia. 

DISCUSSION 

Rats readily survived a 30-minute period of 
complete renal ischemia and usually survived a 
1-hour period. The mortality was high (73 per 
cent) at 90 minutes and reached 100 per cent at 
2 hours. Animals which died showed progressive 
elevation of BUN and death occurred in uremia 
from 2 to 6 days after renal blood flow was re- 
stored. In rats which sur\’ived, the BUN rose 
to a maximum from 6 hours to 3 days after re- 
lease of the constricting clamps, depending on 
duration of the ischemia, and then returned to 
normal or slightl}’^ elevated values within the 
next few days. 

Only 2 hours of complete renal ischemia were 
required to produce death consistently as com- 
■ pared to 4 hours or more in the dogs studied by 
Van Slj'ke ct al (5). Presumably this is due to 
a difference in species. Difference in experi- 
mental procedure, i.c., simultaneous bilateral oc- 
clusion of renal vessels as against Van Sh'ke’s 
technique of resecting one kidnej’ and clamping 
the renal arteiy of the other, is evidently not 


significant. Following resection of the right kid- 
ney, we clamped the left renal artery and vein 
in 6 rats and the left renal artery alone in 6 addi- 
tional rats. All 12 animals died in uremia from 
1 to 3 days after a 2-hour period of vascular 
occlusion. 

In our experiments, cessation of blood flow to 
the kidneys was produced by clamps which com- 
pletely occluded main renal 3.rttvy and vein. Dur- 
ing the period of occlusion there was apparently 
no significant collateral circulation to the kidneys. 
Release of clamps was followed by almost imme- 
diate return of circulation and the subsequent 
presence of intact blood supply to the kidneys 
was confirmed morphologicall)'- by the .absence of 
thrombosis or infarction. In all animals the renal 
lesion was uniform in both kidneys. 

There was fairly good correlation beriveen ■ 
duration of renal ischemia and the resulting mor- 
phological injury to the kidneys after renewal of 
blood flow. With the longer periods of vascular 
occlusion, tubular necrosis of the kidneys was 
usually more diffuse and wider in distribution in 
the individual nephrons. Also, in rats which 
survived, the mean rise in BUN was more pro- 
nounced and sustained and was followed by a 
slower decline. 

The principal change was necrosis of proximal 
convoluted tubules, especially the distal or de- 
scending segments. The reason for this localiza- 
tion is not known. The lumens of the tubules 
were blocked by coarse anuclear acidophilic 
masses, representing necrotic desquamated epi- 
thelial cells. Significant damage to epithelium of 
loops of Henle, to distal convoluted and collect- 
ing tubules, as well as to glomeruli, was not 
morphologically evident. 

These observations are in contrast with the 
kidneys of human crush sjaidrome (8) or the 
experimental lesion in the rat (9), which show 
lower nephron nephrosis with involvement of the 
ascending loops of Henle and the distal convo- 
luted tubules. The latter are often necrotic 
whereas the proximal tubules reveal only mod- 
erate degenerative change in the nature of cloudy 
swelling. The lesion also differs from that of 
rats with fatal tourniquet shock in which there is 
degenerative change, mainly of the proximal con- 
voluted tubules, but no necrosis and only slight 
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cast formation (10). However, because of the 
short survival time of such rats, from a few to 
several hours, the renal lesions are not strictly 
comparable with those due to complete ischemia. 

In this study the damage to the kidneys was 
due primarily to the temporary period of com- 
plete anoxia during which the cells presumably 
underwent profound chemical alteration. How- 
ever, return of circulation was required to bring 
about the development of cellular necrosis. 

In rats with a 30-minute period of complete 
ischemia, the renal lesion was relatively slight 
and was followed by complete regeneration. This 
was also true of most rats in the 1-hour group 
even though kidney damage was more extensive. 
After 4 to 8 days the tubules were cleared of 
necrotic material and presented dilated lumens 
lined by newly formed flat epithelium. How- 
ever, in 4 animals of the 1-hour group and in 3 
surviving rats with 90-minute renal ischemia, 
even though the majority of tubules were effec- 
tively restored, some revealed failure of regenera- 
tion associated with massive ' calcific deposit. 
Such tubular injury perhaps explains the failure 
of the BUN in these animals to return to normal 
at the time of sacrifice. Most rats which died in 
uremia showed only slight or negligible regenera- 
tion. This does not necessarily indicate an in- 
trinsically irreversible lesion since death occurred 
before repair could be effective. 

SUMMARY 

1. Rats readily survived a 30-minute period of 
complete renal ischemia and usually survived a 
1-hour period. The mortality at 90 minutes was 
73 per cent and at 2 hours the procedure was 
uniformly fatal. 

2. After circulation was restored, the blood 


urea nitrogen rose rapidly until death, or reached 
a maximum level and then declined with survival 
of the animal. 

3. The principal morphologic change was ne- 
crosis of the descending segments of the proximal 
convoluted tubules. 

4. The renal lesion was not similar to that 
observed in human or experimental crush syn- 
drome or in rats with fatal tourniquet shock. 
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The published reports on antibody response of 
human individuals to the inhalation of influenza 
virus have been most concerned with the effect 
of active or “attenuated” virus (1 to 9). In some 
instances experimental disease was induced to 
test the efficac}' of previous vaccination or to note 
the effects of inhalation of active virus on the 
production of antibodies against influenza. Bur- 
net (7) reported that 68 to 80 per cent of a 
group he studied did not show significant changes 
in antibody titer when they inhaled an “atten- 
uated" influenza virus preparation. It has been 
demonstrated (6 to 9) that inhalation of active 
influenza virus can give a modified form of the 
disease and result in good antibody responses. 
It has also been shown (Ic, 2 to 5) that subcu- 
taneously injected influenza vaccine results in 
protection against experimentally induced disease. 
Recently Henle, Henle, Stokes and Maris (10), 
using serologically determined antibody response 
as a basis for comparison, concluded that inhala- 
tion of active or inactive virus, mostly unconcen- 
trated, was not as effective as subcutaneously 
injected vaccine. 

The present study was-conducted to determine 
the antigenic effect of inactive virus in concen- 
trated form given intranasally, by a single or 
multiple spray. This effect was compared to 
that obtained with subcutaneous vaccination. 

MATERI.A.L .\ND METHODS 

Virus preparation 

The inactive virus preparation was prepared by a com- 
mercial biological laboratory from infected allantoic 
fluid, centrifuged 2 times in a Sharpies centrifuge and 
furnished to the Influenza Commission by \V. M. Stanley. 

' This study u-as aided through the Commission on In- 
fluenza, Board for the Investigation and Control of In- 
fluenza and Other Epidemic Diseases in the Army, Pre- 
ventive Medicine Service, Ofnee of the Surgeon G^eral, 
United States Army. 


The virus was inactivated with formalin in a final con- 
centration of 1 : 2,000, and phenyl mercuric nitrate to a 
concentration of 1 : 100,000 was added. The material 
originally comprised equal parts of Tj^pe A influenza virus 
(% PR8 strain [11] and % Weiss strain [12]) and the 
Lee strain (13) of Type B influenza virus. It was esti- 
mated to contain 10 mgm. of protein per ml. and was re- 
ceived in this laboratory on September 11, 1944. The 
material was diluted just prior to use on September 30, 
1945. When tested serologically on March 13, 1946, a 
1 : 5 dilution in physiological saline gave a hemagglutinat- 
ing titer of 51,200 and a 1 : 40 dilution gave a titer of 
5,120 (14). 

Subjects , 

The children were from 3 cottages of 50 boys each 
at the Wayne County Training School, Northville, 
Michigan. The range in age was from 8 to 14 years. 
Most of the children used were smaller than average in 
size and of lower than average mental level. The only 
selection made within the group was the elimination of 
any children with allergic tendencies. 

A total of 80 children was divided into 4 groups. 
Twentj- children from Cottage 1 were used in Group I : 
20 children from Cottage 9 constituted Group II ; and 20 
children from Cottage 6 made up Group III. The fourth 
group contained 10 children from Cottage 1 and 10 
children from Cottage 9. In the course of the study one 
child was lost from each group except Group I. 

In each cottage there were children who were unvac- 
cinated and who did not receive any control fluid. In 
Cottage 1 this group consisted of 20 children; in Cot- 
tage 9, 20 children; and in Cottage 6, 30 children. 

In the vaccinated group there were 11 children who 
had received a combined influenza virus, Tj^pes A and B, 
vaccine in Januao', 1944. Five of them n-cre in Group 
I ; 3 in Group II ; and 3 in Group III. None of the 
children in the control group had been given any pre- 
vious vaccination against influenza viruses. 

Administration of inactive zdnis preparation 

-A 1 ; 3 dilution in physiological salt solution v.as em- 
ployed for the intranasal sprays. The atomizer was ob- 
tained from the Vaponephrin Company, Upper Darby, 
Pennsyh'ania ; with 10 lbs. presrurc of nitrogen gas it 
delivered approxim.ately 025 ml. per 2 minutes. Each 
individual was sprayed for 1 m.ir.ute in each nostril. Ti'.e 
adapter was washed with antiseptic solutirm before use 
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TABLE I. 


Mean antibody titers for the four groups 


Strain 

Group I 
(S sprays) 

(20 children) 

Group II 
(1 spray) 

(19 children) . 

i 

Group III 
(subcutaneous) 
(19 children) 


Group IV 
(inhalation control) 
(19 children) 

PR8 

Weiss 

Lee 

initial 1 

224 

192 

58 

2 wks. 1 

745 

588 

691 

fold 

increase 

3X 

3X 

12 X 

5 mos. 

563 

499 

435 

H 

2 wks. ' 

443 

538 

294 

. fold 
increase 

3X 

2X 

7X 

5 mos. 1 

297 

148 

430 


2 wks. 

1363 

942 

1935 

fold 

increase 

4X 

3X 

23X 

5 mos. 

701 

499 

891 

initial 

134 

196 

32 

2 wks. 

141 

196 

32 

S rnos. 

128 

196 

99.8 


by another subject. Precautions were taken to minimize 
the inhalation of the sprayed material by any other than 
the selected subjects. Each child was brought individually 
into the spray room which was located on the upper floor 
of Cottage 1. The room was unused except for spraying 
throughout the study period. 

For subcutaneous administration 1.0 ml. of a 1:40 
dilution of the inactive virus was given in the left arm. 
A clean sterile needle was used for each individual. 

Group I received intranasal inhalations of the 1 : 5 
dilution of inactive virus on October 1, 2, 3, 4, and 5, 
1945. Group II received 1 intranasal inhalation of 
the 1 ; 5 dilution on 'October 2, 1945. Group III was 
given 1.0 ml. of the 1 ; 40 dilution subcutaneously on 
October 3, 1945. Group IV received 1 intranasal in- 
halation of sterile normal allantoic fluid on October 1, 
1945. These last inhalations were given in a cottage well 
removed from that in which the spraying of the inactive 
virus preparation was carried out. 

Oral temperatures were taken on October 1, 2, 3, 4, and 
5, 1945, in Groups I, II and IV. Signs and symptoms of 
reactions were recorded daily in all groups. Group. Ill 
had oral temperatures recorded on October 3, 4, and 5; 
on the latter 2 days the site of subcutaneous inoculation 
was examined and the children observed for systemic signs 
and symptoms. 

Serological studies 

Blood was drawn from each individual immediately be- 
fore vaccination, 2 weeks after vaccination, and 5 months 
after vaccination. The second blood specimens were ob- 
tained from those receiving 5 intranasal inhalations 2 
weeks after the third dose. Agglutination-inhibition 
titrations of chicken red blood cells were done according 
to Salk’s modification (14) of Hirst’s method (15). The 
sera from a given individual were all tested at the same 
time. Agglutination-inhibition was measured against 
the PR8 and Weiss strains of Type A virus, and the Lee 
strain of Type B virus. The same virus preparations 
were used for all tests. The chicken red blood cells were 
taken from animals whose cells had been checked re- 
peatedly and found to be satisfactory. 

RESULTS 

Response to influenza virus. Type A 

The sera from the 4 study groups exhibited 
varying degrees of agglutination-inhibition with 


the PR8 strain of Type A influenza virus. A 
comparison of the serological findings in the 3 
vaccinated groups and the control group is pre- 
sented in Figures 1, 2 and 3. The modified 
arithmetic means are summarized for all groups 
in Table I.= 

The 20 individuals in Group I, who received 
5 intranasal inhalations, had an initial mean titer 
against the PR8 strain of 224 ; 2 weeks later this 
rose to a mean of 745 and represented an increase 
of 3.3 times the initial value. Five months later 
it had dropped to 563. The distribution of these 
sera indicates that 2 weeks after vaccination, 12 
had a 4-fold or greater increase in titer against 


TABLE 11 

Comparison of antibody level before and 2 weeks 
after administration of inactive virus 


Strain 

Group I 
(20 children) 

Group II 
(19 children) 

Group in 
(19 children) 


2Xor 

4X or 

2Xor 

4X or 

ZXor 

4Xor 


less 

more 

less 

more 

less 

more 

PR8 

8* 

12t 

12 

7 

5 

14 

Weiss 

11 

9 

14 

5 

10 

9 

Lee 

4 

16 

4 

15 

1 

18 


_ * Number of individuals with 2-fold or less increase in 
titers. 

t Number of individuals with 4-fold or greater increase 
in titers. 

2 All titers are expressed as the reciprocal of the high- 
est final dilution of serum giving inhibition of agglutina- 
tion. The mean titration figures for each group of sera 
were arrived at in the following manner. The numbers 
1, 2, 3, etc., were assigned to the dilutions of sera {c.g., 
1 = 32 ; 2 = 32 ; 3 = 64 ; et seq.). The number of indi- 

viduals having a certain titer was then multiplied by the 
number assigned to that titer (e.g., 32 = 2; therefore 2 X 
3 = 6). The totals for each designated number were then 
added and this result divided by the number of sera in 
the group. This was then reconverted to the titer it rep- 
resented and any fraction was multipled by the titer the 
whole number represented (c.g., 2.35 is equivalent to 32 -f- 
[32X0.35]). 
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the PR8 strain, and 8 had a 2-foId increase or 
less, when compared to.the titers before the virus 
preparation was administered (Table II). 

The sera from the 19 children in Group II 
when measured against the PR8 strain gave an 
initial mean titer of 148 with a rise to 443, an 
increase of approximately 3 times the initial titer, 
2 weeks after the single inhaled dose. As in- 
dicated in Table II, 7 sera had 4-fold or greater 




increases in titer and 12 had 2-fold or less. The 
mean value 5 months later had dropped to 297. 

When titrated with the PR8 strain, the sera 
of the 19 subcutaneously vaccinated children in 
Group III had an initial mean titer of 310; 2 
weeks after vaccination, 1,363; and 5 months 
later, 701. Of the 19 sera tested, 14 had a 4-fold 
or greater increase in titer 2 w-eeks after vaccina- 
tion, and 5 had a 2-fold increase or less. The 5 




Fig. 1. Chaxce in* .^xtibodv Titer Me-ascpxd acaikst the PRS Steaix 2 WErns .axd S l.foi.-rns r - my . Vac- 

nXE WAS ADMIN-ISTET.EI) 
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Fig. 2. Change in Antibody Titer Measured against the Weiss Strain 2 Weeks and S Months after Vac- 
cine w.As Administered 


who showed the increases of 2-fold or less all 
had initial titers of 256 or higher. Five months 
after vaccination the sera showed a sharp drop 
with 9 falling 2-fold, 1 falling 4-fold, 2 falling 
S-fold; and 6 had no change in titer (Figure 1). 

The subjects who received the single inhalation 
of normal allantoic fluid in Group IV showed no 
appreciable change in titers when measured against 
the PR8 strain of influenza virus. However, it 
is worth noting that the sera of 2 individuals 


showing changes in titer were decreases against 
the PR8 strain; and later it will be shown that 
the control group when measured against the Lee 
strain of Type B virus showed marked rises in 
titer. 

The serological responses of the 4 groups were 
similar to the above patterns when measured 
against the Weiss strain of Type A influenza 
virus (Figure 2). The differences are most no- 
ticeable in Group III, where the PR8 titers were 
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greater than the Weiss titers, and 5 months after 
vaccination less of a drop occurred with the for- 
mer. The difficulty in interpreting antibody re- 
sponse to various strains of influenza virus has 
been commented on by others. Burnet and Lush 
(16) have assumed that any measurement of spe- 
cific antibody wdll always include some non-spe- 
cific antibody. This was shown to be true by 
Hirst (17). More recent evidence lends weight 
to the supposition that the agglutination-inhibi- 
tion mechanism is a complex one and that too 
exact interpretation of results may lead to er- 


roneus conclusions (18). In any event, a study 
of Table I and the spot charts does show a con- 
sistent picture of high initial antibody titers to 
both strains of Type A virus. Whether this rep- 
resents previous specific experience on the part of 
the subjects wdth these Type A virus strains or is 
related to peculiarities of the PR8 and Weiss 
preparations, to non-specific characteristics of the 
sera used in the tests, or to combinations of these 
influences, one cannot surelj’’ state. Certainly, in 
view of the Type A epidemic in 1943 (12), the 






Ftc. 3. Chan-gc in- Antibody Tittr Me.asupxd .against the Lee Stb.ain 2 Weeks and S Months .ArriE Vac- 

aNE w.As Adsiinisteeed 
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possibility of previous contact with A strains is 
a strong one. 

Responses to the Lee strain of Type B influensa 

virus 

When the 4 groups of sera were tested against 
the Lee strain of Type B virus, a marked differ- 
ence in antibody response, when compared with 
A, was apparent (Figure 3). The mean values 
listed in Table I show much lower initial titers 
for all 3 groups against the B strain. Possibly 
this is an indication of less experience with the 
Type B strains, ‘resulting in a fuller response to 
the antigenic stimulus. 

In Group I, after 5 daily sprays, the initial 
mean value was 58; this rose to 691 2 weeks 
after vaccination, representing an increase of 12 
times the initial titer. Five months later the 
mean was 435. Table II lists the distribution 
when the sera taken 2 weeks after vaccination 
were compared with the initial values. Sixteen 
of the 20 in the group had a 4-fold or greater in- 
crease in titer and 4 showed a 2-fold increase. 
The sera taken 5 months after vaccination did 
not show the same drop in titers that was noted 
with the A strains. Although 11 sera did have 
decreases in titer, 3 sera had 2-fold rises in titer. 
In the interval between the bloods drawn 2 weeks 
and 5 months after vaccination, an epidemic of 
influenza B was noted. This will be discussed 
in more detail later. 

The Group 11 sera, from the individuals re- 
ceiving the single spray of inactive virus prepara- 
tion, had similar responses when measured against 
the Lee strain of Type B influenza virus. The 
mean titers for the 3 sets of sera in this group 
were: initial, 40; 2 weeks after vaccination, 294; 
5 months after vaccination, 430. The sera taken 
• 2 weeks after vaccination, when compared to the 
pre-vaccination sera, showed 15 with a 4-fold or 
' greater increase in titer and 4 with a 2-fold in- 
crease. . A comparison with the sera taken 5 
months later gave 6 with a drop in titer and an 
equal number with 2-fold or greater increase in 
titer. The spot charts in Figure 3 show this 
change. The same situation existed as in Group 
I ; namely, an epidemic of Type B influenza that 
involved enough members of this group to cause 
a definite increase in a number of the agglutina- 


tion-inhibition titers against the Lee strain of 
Type B influenza virus. 

Group III, after the subcutaneous dose, showed 
the most striking responses against the Lee strain. 
The mean titers were: initial, 84; 2 weeks after 
vaccination, 1,935; 5 months after vaccination, 
801. The increase 2 weeks after vaccination was 
approximately 23 times the initial mean titer and 
5 months later it was 10 times the initial titer. 
The distribution of the 19 sera in this group is 
shown in Table II and indicates that IS of the 
bloods taken 2 weeks after vaccination exhibited 
4-fold or greater responses and one had a 2-fold 
increase when compared to the pre-vaccination 
levels. Of the sera taken 5 months after vac- 
cination 9 had 2-fold decreases in titer and 6 had 

4- foId or greater decreases in titer. In this same 
set of sera there were 3 with no change in titer 
and 1 serum with a 2-fold increase in titer. 

Group IV, the sera from the inhalation con- 
trols, when titrated against the Lee strain of 
Type B influenza virus, showed no change be- 
tween the initial titers and those of 2 weeks later. 
It has been previously stated that an outbreak of 
Type B influenza occurred in the institution in 
the interval between the 2-week bleedings and the 

5- month bleedings. During this period the mem- 
bers of the various groups were under close clini- 
cal obsen'^ation. When the 19 sera taken 5 
months after vaccination Avere titrated against the 
Lee strain, 10 had increases in titer ranging from 
2-fold to 32-fold (Figure 3). All but 1 of the ' 
10 were 4-fold or greater increases in titer. 

The levels of antibody which will be attained 
by human individuals in response to influenza 
vaccination may vary widely. Results of small 
groups of subjects cannot be too freely evaluated. 
The above data can only indicate broad, general 
trends of antibody response. Even the fact that 
the response to the strain of Type B virus was 
numerically better than A must be accepted with 
reservation. Other studies have indicated that 
the Lee strain, measured in terms of protection 
against natural and experimental disease, induces 
a stauncher degree of protection than certain A 
strains of influenza virus (4, 5, 19). The low 
initial titers to the Lee strain were associated 
with more striking increases in titer 2 weeks after ■ 
vaccination and, conversely, the higher original 
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titers to the A strains minimized the increments 
in titer after vaccination. The figures listed in 
Table I indicate that the mean-fold increase was 
greater against the Lee strain than either PR8 
or Weiss. However, the mean titers of the 2- 
week bleedings were not so sharply differentiated 
except in Group III. If generalizations are to be 
made one can point out that the mean-fold in- 
crease in titer to B was better than that to A 
although the differences bet\veen titers were not 
consistent; that subcutaneous vaccination ap- 
peared to be more effective than intranasal al- 
though rather uniform responses were obtained 
with the latter. It is of interest to note that the 
group receiving the 5 sprays had a total of 1,25 
ml. of a 1 : 5 dilution of vaccine whereas the sub- 
cutaneous group received 1 ml. of the 1 : 40 dilu- 
tion of vaccine, strongly suggesting that subcu- 
taneously injected vaccine was more efficiently 
utilized. These studies with concentrated inactive 
material support the impression obtained from 
the results of Henle ef at (10). 

The subcutaneous vaccinations resulted in ex- 
cellent antibody production against the Lee strain 
but in a lesser response to the A strains. Nu- 
merically the antibody titers in the subcutaneous 
group were higher than in previous experiments 
with adults (3, 5, 19). Proof of whether this 
represents chance or that children in this age 
group do respond better and more consistently, 
would require studies with large groups of chil- 
dren. 

As already mentioned, some of the subjects in 
the vaccinated groups had received a combined 
A and B influenza virus vaccine in January, 1944. 
Their initial anti-A titers were not significantly 
different from the remainder of the groups so 
tliey could not be considered the cause of the 
higher initial titers to Type A. For the Lee 
strain the initial titers of those who received 
^acdne in 1944 were 2 times greater than the 
rest of the group. However, the number within 
each group was small enough to show only a 
minimal influence on tlie height of the mean 
initial titer for each study group. 

Reactions 

The reactions to the intranasal inhalation of 
the combined inactiwited viruses were minimal. 


In the group w’ho received the 5 daily sprays, 6 
children had oral temperatures betn^een 100.0° 
and 100.8° F. on the third day. Two children, 
after the first spra}^ complained of a slight sensa- 
tion of fullness in the head. Two children on the 
fourth day had temperatures between 100.0° and 
100.2° F, The single inhalation group and the 
control inhalation group had no reactions. Twelve 
of the children in Group III complained of local 
reactions 24 hours after the subcutaneous inocula- 
tion. Of the 12 children, 3 had slight erythema; 
7 had tenderness, heat and erjthema; and 2 had 
tenderness, heat, redness and swelling at the site 
of injection with axillary nodes palpable on the 
affected side. There were 3 children in this 
group with temperatures between 100.4° and 
1DD.B° F. ; and 1 child, who had a severe local 
reaction, complained of dizziness and slight head- 
ache. 

CLINICAL OBSERVATIONS 

From December, 1945, through January, 1946 

Following the vaccinations done in October, 
1945, periodic observations were made to deter- 
mine influenza virus infection in the institution. 
On November 10, 1945, T}q)e B influenza virus 
was isolated in Michigan (19) and on December 
13, 1945, several children at the Training School 
reported to the sick ward with an acute illness 
characterized by fever, chills, prostration, 
ache and sore throat. The number of 
throughout the school reached a peak on 
ber 18 and fell off gradually until only 
cases were occurring from December 18 
Januarj" 30,’ 1946. From throat 
of the children admitted to the sick 
December IS, Type B influenza virus 
ered. The children from the 3 
housed the 4 groups were followed 
the inten-al of time covering the 
of the 58 children in the 3 
developed clinical ew’dence of d' 
nine of the 89 un\'accinated < 

3 cottages developed clinical 
This includes 4 children fro*- 
trol group. 

From 69- cases the dir' 

* This cumber of ir.divi 
other cottages than ihosr 
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their , frequency were : sore throat, temperature 
elevation, rhinorrhea, headache, chills and cough. 
Less prominent findings were excessive lacrima- 
tion (frequently associated with the complaint of 
burning eyes), malaise and sneezing. The sick 
children showed few abnormal physical findings. 
Prostration and lethargy during the first 12 to 24 
hours was common. Moderate injection of the 
pharynx and a thin watery discharge appearing 
on the second day and rarely becoming purulent 
was often noted. Prompt recovery was the rule. 
Two children with perforated ear drums and 
associated chronic otitis media developed purulent 
aural discharges following the primary infection. 
They were the only complicated cases. 

The total number of cases involving the chil- 
dren in the 4 study groups was 12: 4 of these 
were from the control group; 4 were from the 
group receiving the single inhalation ; 3 were from 
the group receiving the 5 daily inhalations ;• and 
1 was from the subcutaneously vaccinated group. 
However, when the sera from the above groups 
were tested 5 months after receiving the inactive 
virus preparation there were some individuals 
who showed rises in titer above the 2-week level 
without any clinical evidence of disease; other 
children who did have clinical evidence of in- 
fluenza-like disease showed no rise in antibody 
titer in convalescence or again 5 months after the 
vaccination study was started. This is most 
noticeable in Group IV, the 19 inhalation con- 
trols, where the antibody response to infection 
was not masked by the effect of the inactive virus 
preparation. Only 1 of the 4 subjects in this 
group who developed clinical signs of influenza- 
like disease had a rise in titer against the Lee 
strain. The other 3 children had no rise in titer 
and in every determination the titers of these 3 
were 32 or under when measured against the 
Lee strain.'* There were no changes in the titers 
of the A strains in these, sera. In this same group 
of 19 children the titers of the sera taken 5 months 
after vaccination showed 10 individuals with rises 
in titer, one of them being the child described 
above. The other 9 had no record of illness. 
The phenomenon of sub-clinical infection, as ex- 
emplified by the 9 individuals without evidence of 

■* These sera were tested against a strain of Type B 
virus isolated during the epidemic. The results showed 
no rise in antibodies against the current strain. 


infection and yet having rises in antibody titer in 
the sera taken 5 months after vaccination, is well 
recognized. liowcver, the 3 individuals with evi- 
dence of disease but without rises in agglutination- 
inhibition antibodies are more difficult to evaluate. 
The use of antibody response, as currently meas- 
ured, is not feasible for the diagnosis of influenza 
in vaccinated populations ; with such a premise, 
then, clinical findings must be accepted for un- 
vaccinated subjects as well. There did not seem 
to be any correlation between initial titer and 
sub-clinical infection (20). 

It can be seen from Figure 3 that some rises 
in titer occurred during the same interval in the 
other groups. The subcutaneously injected group 
had 1 subject with a 2-fold rise in titer who 
showed no evidence of disease and 1 subject, 
whose titer was 2048, did show clinical evidence 
of influenza. The S-spray group had 3 children 
with 2-fold rises in titer; onl}'^ 1 showed evi- 
dence of disease and 2 others in this group with 
influenza did not have rises in titer ; however, their 
titers were 256 and 1,024. The single inhalation 
group had 6 subjects with rises in titer; 2 with 
2-fold rise ; 1 with 4-fold rise ; 2 with 8-fold rise ; 
and 1 with 32-fold rise. Of the 6 there were 4 
with clinical evidence of disease. Such figures 
further indicate the difficulty in interpreting clini- 
cal disease in terms of antibody response when 
vaccinations are carried out. Obviously, the use 
of the serological test is of little help. The pos- 
sibility that the rises in titer seen in sera 5 
months after vaccination were a continuation of 
the effect of vaccination is quite remote. There 
were no rises in titer against the A strains. 
Also, enough of the children who became ill had 
additional sera taken during the period between 
the 2-week and 5-month bleedings to indicate that 
there was a fairly consistent drop in antibody titer 
associated with the vaccinations. In most in- 
stances the titers 2 weeks after illness were 
higher and then fell to lower levels 5 months after 
the inactive virus preparation was administered. 
No significant evaluation of the effects of admin- 
istration of the virus materials upon the incidence 
of infection with influenza virus can be made 
from these observations nor was the study in- 
tended for that purpose. Nevertheless, a differ- 
ence in the frequency of respiratory illness among 
the vaccinated and unvaccinated groups was seen. 
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The presence of clinically undetected influenza B 
infection was demonstrated by the surprisingly 
large number of antibody rises to Type B virus 
in sera obtained 5 months after vaccination while 
A titers were continuing to fall. 

SUMMARY 

The data reported here indicate that a single 
intranasal inhalation of an inactivated influenza 
virus preparation resulted in good antibody re- 
sponses and that the use of 5 daily sprays gave 
slightly higher levels of antibody. A comparison 
of the effect of the 2 different doses of intranasal 
vaccine on the sera taken 5 months after vac- 
cination suggests that the larger dose gave a more 
persistent elevation in antibody titerl 

The vaccine given intranasally on 5 successive 
days contained approximately 8 times as much 
inactive virus preparation as the subcutaneous 
material. However, a comparison of the antibody 
responses indicates that subcutaneously adminis- 
tered vaccine gives higher and more persistent 
levels with smaller doses. Clinical observations 
were made during an epidemic of influenza B in 
the institution. 
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THE VOLUME OF DISTRIBUTION OF MANNITOL AS A MEAS- 
URE OF THE VOLUME OF EXTRACELLULAR FLUID, 

WITH A STUDY OF THE MANNITOL METHOD ^ ' 
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The clearance of mannitol has been advocated 
by Smith and his coworkers as a measure of 
glomerular filtration rate (1). Newman, Bordley 
and Winternitz (2) modified Smith’s procedure 
by calculating the clearance of mannitol from the 
rate of fall of concentration in serum after a single 
injection of the substance and suggested that the 
rate of glomerular filtration is more logically 
related to the volume of extracellular fluid than 
to body surface area. They also presented evi- 
dence that the volume of distribution of mannitol 
is of approximately the same magnitude as this 
fluid compartment. 

The thesis of Newman, Bordley and Winter- 
nitz that the clearance of mannitol can be calcu- 
lated from the fall in serum concentration alone 
is valid only if mannitol reaches a constant volume 
of distribution in the body. The determination 
of the volume of distribution rests on the fol- 
lowing assumptions : (2 ) that mannitol is neither 
formed nor destroyed in the body, (2) that it is 
distributed uniformly throughout some portion of 
the body water, (5) that its concentration in 
water of serum is a fair sample of its concentra- 
tion throughout this portion, and {4) that it is 
excreted solely in the urine (3). It is the pur- 
pose of this investigation to determine whether 
the apparent volume of distribution of mannitol 
meets the above basic assumptions, and to study 
the relation of this volume to that of extracellular 
fluid. 

Such a study requires a precise knowledge of 
the errors involved in the determination of man- 
nitol. For this reason the method of determina- 
tion and its accuracy were investigated in this 
laboratory and certain modifications introduced to 
minimize the error. 

^ Aided by a grant from the Fluid Research Fund of 
Yale University. 


METHODS 

The method of determination of mannitol used was that 
introduced by Smith, Finkelstein, and Smith (1), with 
modifications as indicated below. The method involves 
the oxidation of glucose-free filtrate with the reduction 
of a known excess of KIO„ and quantitation of the re- 
maining KIOic by iodometric titration with Na.SjOj. 

Reagents. 

Acid cadmium sulfate; 34.68 grams 3CdSO».8HsO 
and 169.10 ml. 1 N H 2 SOi made up to 1000 ml. 
HjO. 

Sodium hydroxide 1.1 77. 

Baker’s starch-free yeast: approximately 20 per cent 
suspension. ‘ 

Mannitol - standard solution : 100 mgm. per 100 ml. 

Acid potassium periodate: 0.60 gram KIO« and 20 
ml. cone. H:SO» made up to 1000 ml. HiO.® 

Concentrated KI : approximately 50 per cent solution. 

Amylose: 1 per cent solution.* 

Sodium thiosulfate: 0.005 N Na-S-Os made from 
0.1 AT stock solution. 

Analysis in serum. The sample of serum is rendered 
glucose-free by fermentation with freshly washed starch- 
free baker's yeast in approximately 20 per cent suspension. 
To 2 ml. of serum in a 150 X 20 mm. pyrex tube are 
added 6 ml. of the yeast suspension which is thoroughly 
shaken before the withdrawal of each aliquot. The tubes 
are stoppered, shaken 3 times during 15 minutes and 
centrifuged. The exact extracellular fluid content of the 
yeast suspension is determined by centrifugation in a Win- 
trobe hematocrit tube. In 19 comparisons of the extra- 
cellular fluid content of the yeast suspension before and 
after yeasting a large number of serum and urine ali- 

2 The mannitol was supplied through the courtesy of 
Sharp and Dohme, Inc. 

® Since this study was done Barker and Clark (15) 
have reported that free para-aminohippuric acid (PAH) 
reduces acid KIO< and so introduces ah error in the de- 
termination of mannitol when present in the same bio- 
logical media. These workers obviated the error by acety- 
lating the PAH and acidifying the KIO, solution with 
acetic instead of sulfuric acid. While such an error does 
not affect the study reported here, it must be considered 
when clearances of mannitol and PAH are measured- 
simultaneously. 
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quots, the mean difference was insignificant, being only 
0.14 per cent with a maximum difference of 0.3 per cent 
Filtrates of serum containing concentrations of mannitol 
of SO mgm, per cent or less (including serum and reagent 
blanks) are fortified by the addition of a 2-ml. aliquot 
of 100 mgm. per cent aqueous solution of mannitol added 
to the 2 ml. of serum and 6 ml. of yeast Filtrates of 
serum containing concentrations of 150 to 175 mgm. per 
cent and 175 to 200 mgm. per cent similarly are diluted 
with 2 ml. and 4 ml. of water, respectively. 'Failure to 
fortify or dilute resulted in increase of error; in 6 un- 
fortified known solutions of mannitol in serum the average 
deviation was found to be -f 3.3 mgm. per cent, and in 3 
undiluted solutions it was — 5.0 mgm. per cent 
Four ml. of the supernatant yeasted serum are pipetted 
directly from the centrifuge tube into a similar tube con- 
taining 6 ml. of cadmium sulfate. To this are added 
2 ml. of 1.1 N NaOH, the tubes are stoppered, shaken 
several times during 10 minutes, and centrifuged. The 
supernatant fluid is filtered through washed absorbent 
cotton (plugged in the neck of a glass funnel). Dupli- 
'cate 2-mf. aliquots of the cadmium filtrate are pipetted into 
a pyrex tube (200 X 25 mm.) containing exactly 5 ml. 
of KIO4 measured from an automatic pipette. Glass tears 
are placed in the tubes which are then heated in a boiling 
water bath for exactly 20 minutes. At the end of this 
time the tubes in the racks are transferred directly to a 
bath of ice water (5° C.) in which they are kept until 
titrated. Cooling in a water bath at room temperature 
(25° C.) definitely permits continued oxidation-reduc- 
tion and results in false high values for mannitol if an hour 
or more elapses before titration ; in 13 known solutions of 
serum cooled at room temperature the average deviation 
was -f-4.3 mgm. per cent 

The tubes and glass tears are washed down with water. 
Immediately before starting the titration about 1 ml. of 
approximately SO per cent KI is added to each tube. This 
KI must be made up freshly each day. The partially re- 
duced KIO,, stirred witli CO. bubbles, is titrated by means 
of a Bang burette equipped with a B-D needle tip for 
immersion titration, with 0.005 N NajSiOj prepared 
freshly each day from a factored stock solution of 0.1 
Na:S:Oj. This burette must never be washed with di- 
chromate cleaning solution. Traces of dichromate re- 
maining after the routine 5 or 6 rinsings reacted with 
the Na-SjO, and were tlie largest single source of error 
between duplicate titrations. Approximately 0.5 ml. of 1 
per cent amylose solution is added when tlie titration is 
within 025 ml. to 0.15 ml. of tlie endpoint The endpoint 
can be read to 0.005 ml. 

To calculate the concentration of mannitol it is first 
necessary to determine the amount present in the solu- 
tion titrated. This value which is V in Equation I be- 
low, \arics according to whether or not 2 ml. of standard 
solution of mannitol or 2 or 4 ml. of uutcr are added to 
the ycasting solution and also according to the extra- 
cellular fluid content (h) of the 6-ml. aliquot of the 


particular yeast suspension used: 

(a) V = 1.33per (2-}'6h) 

(b) V=1.33per (4-i-6h) 

(c) V= 1.33 per (6-f 6h) 

Each 1 ml. of 0.005 N Na-S^Oj titrated by difference is 
equivalent to 0.092 mgm. of mannitol in the solution ti- 
trated. The concentration of mannitol (M) in mgm. per 
100 ml. of the solution oxidized by KIO^ is ; 


M 


9.2f(A - B) 
V 


Equation 1 


where; A = No. of ml. of NaiS.Oj titrated against the 
blank KIO4 solution. 

B = No. of ml. of Na-SjOj titrated against the 
reduced KIO4. 

f = factor of the 0.005 N NajS.Oj. 

V = volume in ml. of the known solution added to 
the KIO4. 


Substituting V as calculated above, M is calculated as 
follows : 


(а) M = 6.9 (2 -r6h) f (A — B), if no standard solu- 
tion or water is added ; 2 

(б) M = 6.9 (4-r6h) f (A — B), if 2 ml. of standard 

solution or water is added; 3 

(c) M = 6.9 (6-h6h) f (A — B), if 4 ml. of standard 
solution or water is added. 4 


These equations (Equations 2, 3, 4) are the basic ones 
used to calculate the concentration of mannitol in serum 
or urine. Where 2 ml. of 100 mgm. per cent standard 
solution of mannitol has been added, 100 must be sub- 
tracted from the result. In all serum determinations the 
total serum blank must be subtracted from M as deter- 
mined in these equations, to give the true value in serum. 
This blank is the value for non-fermentable reducing 
substance in the blank serum (net serum blank) plus the 
reagent blank. The reagent blank is the value for such 
substance in the yeast suspension and the cadmium sul- 
fate and sodium hydroxide precipitating reagents. In all 
sera from fasting subjects the average lor the total blank 
was 11.7 mgm. per cent with a range of 72 to 16.0 mgm. 
per cent, while the average net scrum blank was 11J3 mgm. 
per cent with a range of 72 to 15.1 mgm. per cent In 
14 determinations the average reagent blank was -rO.4 
mgm. per cent with a range of — 3.0 to -f 4.7 mgm. per 
cent. 

In the analysis of 21 solutions of mannitol in scrum of 
known concentrations between 25 and 200 mgm. per cent, 
the results of the observed concentrations were as follows ; 
standard deviation = + 12 mgm. per cent, average de- 
viation = 0.9 mgm. per cent, maxim.um deviation = 2,6 
mgm. per cent TT.e mean difference between 54 pairs of 
duplicate titrations was Q.023 ml. 

Ar.alyrzi ii; tirmr. Urine is analyzed for mannitol in 
tlte sam.e manner as serum, including the ycasting and 
precipitation. The only differences lie in the preliminary 
dilution of the urine and in the calculatic— . of li-.e blanks. 
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The high concentrations of mannitol in urine necessitate 
dilution before yeasting. By dividing the assumed glomer- 
ular filtration rate by the volume of urine in ml. per 
minute the approximate dilution factor is obtained which 
will reduce the concentration in urine to that simultane- 
ously present in serum. If the latter value can be ap- 
proximately estimated, the dilution factor can be ad- 
justed to bring the concentration of mannitol in the 
diluted urine to lie between 50 and ISO mgm. per cent; 
further dilution or fortification is thereby avoided. 

The net urine blank which must be subtracted to ob- 
tain an accurate estimation of the concentration of man- 
nitol in urine, presents some difficulty when different urine 
samples are collected over intervals of time. The blank 
concentration of non-fermentable reducing substances va- 
ries from that in the initial specimen as the rate of urine 
flow varies and probably as the subject changes from a' 
fasting to a post-prandial state. The most accurate value 
for the urine blank for each urine specimen (C,), there- 
fore would appear to be the blank concentration in the 
initial blank specimen (Ci) multiplied by a factor con- 
sisting of the rate of urine flow of the initial specimen 
(V,) divided by that of the subsequent specimen’ (V.) : 

C 2 = Equation 5 

V2 

In an experiment on a normal fasting subject receiving 
no mannitol in which variations in rate of urine flow were 
induced over a range of 0.83 to 7.00 ml. per minute, the 
observed blank concentration differed from the propor- 
tional concentration, as calculated by the above equation, 
by less than % the standard deviation of the method for 
urine. This method of calculating the net urine blank 
values between subjects can only be made in relation to 
rate of urine flow. In 8 blank urine specimens collected 
at various times under fasting conditions from the 3 
normal subjects used in the present experiments, the aver- 
age excretion rate of blank (non-fermentable reducing) 
substance was 1.9 mgm. per minute, with a range of 0.8 
to 3.8 mgm. per minute. 

To calculate the concentration of mannitol in urine, the 
reagent blank first must be subtracted from M as calcu- 
lated by Equation 2. The value so obtained for the diluted 
urine is then multiplied by the dilution factor and the net 
urine blank subtracted. This gives the net concentration 
of mannitol in the original sample of urine. 

The results of the determination of mannitol in 12 
known solutions in urine ranging from 168 to 5077 mgm, 
per cent were as follows ; standard deviation = + 88 mgm. 
per cent, average deviation = 72 mgm. per cent, maximum 
deviation = 168 mgm. per cent. When the deviation in 
each urine sample was divided by the dilution factor used, 
the average deviation was 2.7 mgm. per cent. 

Summary. The modifications introduced into this 
method to improve its accuracy are listed as follows : {1 ) 
fortification of solutions containing low concentrations of 
mannitol, (2) cooling at 5° C. of the partially reduced 
KIO, solution between heating and titration, (5) avoid- 
ance of the use of dichromate cleaning solution in the 
titrating burette, {4) immersion titration using amylose 


rather than starch as an indicator, (5) calculation of the 
net urine blank from . the rate of urine flow. 

EXPERIMENTAL PROCEDURE 

Three young male physicians in good health served 
as normal subjects. On arising in the morning the bladder 
was emptied and then % to 1 hour later, just before the in- 
jection of mannitol, the bladder was again emptied yielding 
the urine specimen for blank determination. These normal 
subjects were not cathctcrizcd. The subjects were fasting 
until the end of the fourth hour after injection, food and 
fluids were then taken ad libitum. During the preliminary 
period for obtaining the blank urine specimen, 2 cups of 
black coffee were allowed ; thereafter till the fourth hour, 
100 ml. of water per ^4 hour were drunk immediately after 
each blood and urine collection. 

The subjects were weighed stripped, 15 ml. of blood 
taken for the serum blank determination, and 12.0 to 
25.9 grams of mannitol in a 25 per cent solution were in- 
jected intravenously from a calibrated syringe.- At the 
end of each period the bladder was emptied and 15 ml. 
of venous blood were taken from the arm opposite to that 
in which the mannitol was given. During the entire ex- 
periment the subjects were on their feet doing their usual 
work around the laboratory. With the exception of Ex- 
periments 1 and 2 which were 5 days apart, the intervals 
between experiments in each subject ranged from 3 to 9 
weeks. 

One other “normal” subject (M, W.) is included in 
Table I. This patient was a control to the above 3 subjects 
in that he was catheterized and his bladder was washed at 
the time of each urine collection. He was a 25 year old 
negro male receiving penicillin therapy for latent lues but 
with a normal state of hydration as far as could be as- 
certained. 

Two patients with excessive accumulations of body 
fluids served as abnormal subjects. Distribution studies 
were done by the same technique outlined above before 
and after removal of part of the excess fluid. Both pa- 
tients were catheterized and the bladder washed at each 
urine collection. The chloride balance was determined 
for the periods between the mannitol distribution studies. 
Patient L. M. (Experiments 9 and 10) was a 55 year 
old white male with massive ascites due to portal cir- 
rhosis and carcinoma of the liver who was studied before 
and after a paracentesis. Patient F. J. (Experiments 11, 
12, and 13) was a 60 year old white female with periph- 
eral edema due to hypertensive heart disease. This pa- 
tient on bed rest, digitalis, and a low salt diet, was given 
6 grams of ammonium chloride daily and 3 intramuscular 
injections of Mercuhydrin. Mannitol distribution studies 
were done before and after the first mercurial injection 
and again at the end of a 10-day period during which she 
received 2 more injections. 

METHODS OF CALCULATION 

The apparent volume of distribution (V) of mannitol 
was calculated as follows : 




THE VOLUME OF DISTRIBUTION OF MANNITOL 


1091 


where A equals the net amount retained in the body, and 
C equals the concentration of mannitol in serum water. 
The serum water content was determined by direct 
weighing of serum before and after drying. The mannitol 
space (Em) is taken to be that volume of distribution of 
mannitol which remains constant within experimental 
error between two points of determination. 

Chloride concentration in serum was determined by 
the method of Hald (4) and in urine by the Volhard- 
Harvey titration (S). The change in chloride space 
(AEci) was calculated from the chloride balance (bet) 
and the extracellular water chloride concentrations (Cl, 
and Cl.) as described elsewhere (6), using the initial 
mannitol space (Em,) as Ei,: 

P _ (EiCli) + bci 

— cn — ■ 

^Cl = Epi, — El. 

RESULTS IN NORMAL SUBJECTS 

Recovery oj mannitol. In 3 experiments in 
2 subjects the mannitol recovered in the urine 
8 hours after injection was 89, 93, and 99 per 
cent of that injected; 24 to 26 hours after in- 
jection the recovery was 154,101, and 108 per 
cent (Table I). Mannitol evidently was not 
destroyed. The greater than 100 per cent re- 
covery at 24 to 26 hours is probably due to 
increased excretion of non-fermentable reducing 
substances after the fasting period {i.e., an un- 
measurable increase in urine blank) . Unpredict- 
able changes in the urine blank in this period do 
not affect the calculation of volume of distribu- 
tion of mannitol. It is unlikely that this in- 
creased blank is mannitol formed in the body, 
but direct proof of this is lacking. 

Attainment oj equilibrium. When the concen- 
trations of mannitol in serum water are plotted 
semi-logarithmically against time after injection, 
the concentration at Yo to % hour lies above the 
straight line passing through the subsequent 
points, in 6 of the 8 experiments. That is, the 
rate of all in concentration was greater between 
y 2 hour and 1 hour than in the later periods. 
This is strong evidence that equilibrium in man- 
nitol concentration was attained through the 
‘mannitol space” between And 1 hour in these 
experiments. In Experiment 1, equilibrium ap- 
peared to have been reached by Ye hour, and in 
Experiment 3 not until some time between 1 and 
IVa hours. These \'ariations may be related to 
the fact that it was in these experiments that the 


smallest and largest doses of mannitol, respec- 
tively, were given. 

Volume oj distribution. In 5 of the 8 experi- 
ments the volume of distribution of mannitol re- 
mained essentiallj’’ unchanged between 1 and -3 
hours after injection (Table I) ; after 3 hours the 
analytical error was too great to draw any conclu- 
sion. In 2 of the other experiments it appeared to 
expand. In Experiment 1, however, the small 
dose of mannitol rendered the error of the determi- 
nation after 1 hour too large to be definitive. In 
Experiment 5 there was either a true but slight 
increase in the voltune of distribution or the sub- 
ject failed to empty his bladder completely. In 
Experiment 8 the volume of distribution was not 
determined after lYd hours. In all of the ex- 
periments the distribution volume at Y 2 hour was 
significantly lower than at 1 hour, due to the 
fact that equilibrium had not been attained (see 
above). 

Agreement behveen the volumes of distribu- 
tion at 1 hour after successive injections was 
remarkably good in each subject, the widest varia- 
tions being not more than 0.06 per cent of the 
bod}' weight or 4 per cent of the absolute vol- 
ume. Unifonnity between volumes of distribu- 
tion of the different subjects at 1 hour was not 
so great; the range was 18.7 to 23.0 per cent of 
the body weight. 

The error of the determination of the volume 
of distribution is complicated in that it is the re- 
sultant of 2 different analytical errors ; those 
of serum and urine. If these 2 errors are in 
opposite directions they tend to cancel, if in the 
same direction they augment each other. Al- 
though there is 1 chance in 2 that the latter 
occurred in each instance, the degree of error in 
each volume of distribution has been calculated 
which would result from an error of the standard 
de%-iation in the same direction in serum and urine. 
The value thus obtained is designated as the 
maximum standard deviation error of the volume 
of distribution. 

The magnitude of the error so calculated at 
any one time is the direct resultant of the con- 
centration of mannitol in serum and the concen- 
tration in, and volume of. urine. Tlie lo'.ver the 
concentrations are or the larger the urine volume 
is, the greater is the error. Thus, the error is 
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TABLE I 


The volume of distribution and clearance of mannitol in normal subjects 


Experi- 

ment 

Subject 

Weight 

and 

surface 

area 

Time 
after 
injection 
of man- 
nito! 

Man- 

nitol 

in- 

jected 

Urine 

Man- 

nitol 

net 

retained 

Serum 

Serum 

HiO 

Volume of 
distribution 

Glomerular 

filtration 

Vol- 

ume 

Man- 

nitol 

content 

Man- 

nitol 

cone. 

mi 

Bl 

Man- 

nitol 

cone. 

Vol. 

Max. 17 
error* 

Vol. 

Rate 

Max. <r 
error* 

1 

R. E. 

kgm. 
sg. in. 

70.17 

1.84 

hours 

■ 0 

1 

V 

1 

2 

3 

24 

grams 

12.95 

ml. 

108 

84 

285 

174 

1,344 

mgtn, 

3,145 

1,923 

2,475 

1,785 

10,565 

ntgin. 

9,805 

7,876 

5,397 

3,609 

-6,959 

tngm. 

iicr 

cent 

76.2 

55.9 

30.4 

19.1 

0.3 

grams 

liter 

932 

932 

mgm. 

per 

filer 

817 

600 

326 

205 

3 

lit 

12.0 

13.1 

16.5 

17.6 

ers 

±0.3 

±0.4 

±1.5 

±2.1 

per cent 
body 
leeighl 

17.1 
18.7 
23.5 

25.1 

ml. pt 
per 1.7 

87 

92 

120 

■r min. 

3 sg. m. 

± 4 
±11 
±11 

2 

R. E. 

69.85 

0 

20.75 














1.83 

1 


102 

4,780 

15,970 

122.3 

935 

1,307 

12.2 

±0.2 

17.5 






1 


60 

2,935 

13,025 

90.0 


963 

13.5 

±0.3 

19.3 

88 

± 2 




n 


58 

2,292 

10.726 

73.4 


787 

13.6 

±0.3 

19.5 

85 

± 4 




2 


43 

1,563 

9,157 

64.3 

933 

689 

13.3 

±0.3 

19.0 

75 

± 4 




3 


81 

2,440 

6,712 

39.2 


420 

16.0 

±0.7 

22.9 

76 

± 3 




8 


252 

4,440 

2,267 

12.1 


130 

17.4 

±3.8 

24.9 

61 

ziz 3 

3 


70.78 

0 

25.85 














1.84 

i 


124 

5,565 

20,285 

156.6 

936 

1,673 

12.1 

±0.2 

17.1 






1 


89 

3,885 

16,397 

112.9 


1,207 

13.6 

±0.2 

19.2 

90 

± 2 




H 


100 

2,768 

13,610 

88.2 


943 

14.4 

±0.3 

20.3 

87 

± 4 




2 


209 

2,172 

11,431 

73.0 


781 

14.6 

±0.5 

20.6 

84 

± 9 




3 


250 

3,210 

8,215 

52.4 

933 

562 

14.6 

±0.8 

20.6 

81 

± 8 




8 


547 

6,470 

1,738 

11.2 


120 

14.5 

±5.0 

20.5 

76 

dz 7 




26 


928 

1,923 

-186 

2.7 








4 


62.13 

0 

20.75 














1.73 

i 


91 

4,770 

15,980 

128.2 


1,367 

11.7 

±0.2 

18.8 






1 


85 

4,260 

11,710 

80.7 


862 

13.6 

±0.3 

21.9 

119 

± 4 




H 


59 

2,410 

9,294 

63.5 


679 

13.7 

±0.3 

22.1 

112 

± 5 




2 


62 

2,005 

7,284 

49.7 


532 

13.7 

±0.4 

22.1 

120 

± 6 




3 


188 

2.810 

4,470 

30.6 


329 

13.6 

±1.1 

21.9 


± 6 




8 


282 

4,290 

175 












25 


830 

1,792 

-1,618 









5 

J. R. 

62.48 

0 

25.85 










■i 




1.73 

i 

3 


175 

6,190 

19,660 

143.3 


1,534 

12.8 

±0.2 

20.5 

Hi 





1 


121 

4,220 

15,429 

102.7 

934 

1,100 

14.0 

±0.3 

22.4 

BS 

± 4 




H 


92 

2,765 

12,656 

80.2 


858 

14.7 

±0.4 

23.5 

HI 

± 5 




2 


69 

2,100 

10,550 

61.9 


663 

15.9 

±0.4 

25.5 

Hi 

dr 5 

6 

L. G. 

67.63 

0 

20.75 














1.78 



86 

4,900 

15,850 

106.6 

944 

1,138 

13.9 

±0.2 

20.5 






1 


49 

2,855 

12,986 

79.0 


841 

15.4 

±0.3 

22.8 

103 

± 2 






50 

2,480 

10,500 

64.4 


687 

15.3 

±0.4 

22.6 

109 

± 4 




2 


42 

1,802 

8,793 

53.9 


577 

15.3 

±0.4 

22.6 

99 

± 6 




3 


67 

2,500 

6,289 

38.3 

934 

410 

15.3 

±0.7 

22.6 

90 

dz 5 

7 

L. G. 

68.46 

0 

25.55 














1.79 

i 


141 

6,310 

19,240 

126.5 

932 

1,357 

14.2 

±0.3 

20.8 






1 


84 

3,890 

15,340 

90.9 


975 

15.7 

±0.3 

23.0 

121 

± 3 




u 


102 

2,892 

12,441 

72.3 


778 

16.0 

±0.4 

23.4 

114 

± 6 




2 


112 

2,320 

10,115 

58.8 


632 

16.0 

±0.5 

23.4 

115 

± 8 




3 


282 

3,075 

7,035 

39.0 

930 

419 

16.8 

±1.2 

24.6 

102 

±12 

S 

M. W. 

62.20 

0 

25.75 

















365 

8,920 

16,819 

132.6 

932 

1,423 

11.8 

±0.4 

19.0 








89 

1,570 

15,241 

101.9 


1,093 

14.0 

±0.3 

22.5 

89 

± 5 




■1 

m 

128 

1,680 

13,554 

88.4 


949 

14.3 

±0.3 

23.0 

116 

± 8 


* Maximum standard deviation error (see text). 
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greater with a smaller dose of mannitol (Experi- 
ment 1) than with a larger dose. Given approxi- 
mately the same dosage, the lower the amounts 
of mannitol retained, the lower are the concen- 
trations in serum and urine, and hence the greater 
is the error. In Experiments 2 to 8, inclusive, 
in normal subjects the maximum standard devia- 
tion error of the volume of distribution does not 
exceed ± 0.5 liter until only 44 per cent or less 
is retained; after this period the error greatly 
increases in magnitude. Finally, given the same 
dosage and the same proportion of mannitol re- 
tained, the larger the urine volume the greater 
the error (Experiments 8 to 12). 

For the volumes of distribution calculated at 1 
hour after injection of 20.7 to 25.9 grams of man- 
nitol, the average maximum standard deviation 
error was ± 0.3 liter or ± 2.1 per cent of the 
volume calculated. In these experiments the de- 
viation from uniformity of the calculated volumes 
of distribution between 1 and 8 hours after injec- 
tion could be explained by this maximum stand- 
ard deviation error, with 2 exceptions only (Ex- 
periment 2, 3 hours, and Experiment 5, 2 hours) . 

Glomerular filtration rate. The mannitol clear- 
ance or glomerular filtration rate in the 3 subjects 
ranged from 75 to 121 ml. per minute per 1.73 
square meters of body surface (Table I). These 
values are considerably below those given by 
Goldring and Chasis (7) for normal males, 
namely, 131 ± 22 ml. per minute per 1.73 square 
meters, but our subjects were not at rest. The 
maximum standard deviation error for the 1 to 
1% hour periods averaged ± 5 ml. per minute or 
± 4.8 per cent of the clearance, and increased as 
the excretion rate diminished. 

RESULTS IN ABNORMAL SUBJECTS 

Attainment of equilibrium. In the 2 subjects 
with abnormal accumulation of body fluid, as 
might be predicted, equilibrium throughout the 
mannitol space was not reached as soon as in 
the normal subjects (Table II). In tlie patient 
with ascites, equilibrium apparently was not 
reached at 4 hours after injection in Experiment 
9, before paracentesis; or at 3 hours in Experi- 
ment 10, after paracentesis. In Experiment 9 
the concentration of mannitol in ascitic fluid wa- 
ter was determined directly at 4^0 hours and 


found to be 50.4 mgm. per cent; the concentra- 
tion in serum water at 4 hours was 52.3 mgm. per 
cent. These findings suggest that equilibrium 
actually had been reached at 4 hours but was not 
confirmed by a subsequent point. In the patient 
with cardiac edema, equilibrium appeared to be 
attained at 4, 3 and 2 hours after injection as the 
edema progressively diminished. 

Volume of distribution. In both of these sub- 
jects before any removal of excess fluid, the man- 
nitol space or volume of distribution, after ap- 
proximate equilibrium had been reached, was a 
much larger proportion of the total body weight 
than it was in the normal subjects, namely 37.6 
per cent of the body weight in L. M. with ascites 
and 40.7 per cent in F. J. with cardiac edema 
(Table II). - . 

In both patients the change in mannitol space 
(AEm) was compared with the change calculated 
for the chloride space (AEci). In patient L. M. 
the volume of cell-free ascitic fluid removed by 
paracentesis was 4.9 liters, AEci was — 4.9 liters, 
and AEm was — 3.0 maximum cr error ±. 0.7 
liter. In patient F. J. the check between AEm and 
AEci was very" good for Experiments 11 and 12 
which were done before and immediately after the 
first mercurial diuresis. AEci was — 5.6 liters 
and AEji was — 6.0 maximum a error ± 0.8 
liter. The agreement between the 2 in Ex- 
periments 12 and 13, done 10 days apart, was 
not so close, AEci being — 5.3 liters and AEm 
being — 6.9 liters. The agreement of AEji with 
the change in weight, — 6.6 kgm., was better, 
and suggested that a cumulative positive error 
existed in the chloride balance, probably due to 
failure of complete absorption of the 6 grams of 
enteric coated NH,C1 ingested daily. Such an 
error, of course, wobld be considerably less in 
the 24-hour period between Experiments 11 and 
12. It should be noted that between Experiments 
11 and 13 in which period AEy = — 12.9 liters, 
the patient’s 4 -f pitting edema of the legs, sacrum 
and lower abdominal wall almost completely dis- 
appeared. 

Glomerular filtration rate. The range of tl;c 
mannitol clearance, 35 to 69 ml. per minute per 
1.73 square meter, v.-as definitely lower in these 
2 patients than in the normal subjects. Xo 
cliangc in clearance occurred in patient L. M. l>e- 
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TABLE 11 


The volume of distribution and clearance of mannitol in subjects with abnormal accumulations of body fluids 


Ex- 

peri- 

ment 

Sub- 

ject 

and 

weight 

Date 

Time 

after 

injec- 

tion 

of 

man- 

nitol 

Man- 

nitol 

in- 

jected 

Urine 

Ascitic fluid 

Man- 

nitol 

net 

re- 

tained 

Chlo- 

ride 

bal- 

ance 

Scrum 

Glomerular 

filtration 

Mannitol 1 

volume of 
distribu- 
tion 

Change in: 

Vol- 

ume 

Man- 

nitol 

con- 

tent 

Vol- 

ume 

Man- 

nitol 

cone. 

Man- 

nitol 

cone. 

Chlo- 

ride 

cone. 

H,0 

con- 

tent 

Rate 

Max. 

error* 

j 

Vol. 

Max. 

error* 

Man- 

nitol 

space 

Chlo- 

ride 

space 


kgm. 


hours 

£ramj| 

ml. 

mgm. 

ml. 

mgm. 

{>er 

cent 

mgm. 1 

m. eg. 

mgm. 

fer 

cent 

m. eq. 

Uter 

grams 

Uter 

ml. per min. 
per 1.73 
sq. m. 

liters 

liters 


Patient with ascites due to cirrhosis and carcinoma of liver: before and after paracentesis 


L. M. 

Dec. S 

0 

25.45 









94.6 

■■ 








61.2 


1 


137 

5,965 



19.485 



101.6 


ESS 




17.8 

ESk] 





2 


68 

3,120 



16,357 



76.4 



63 


1 

19.9 

±0.4 





3 


65 

2,590 

30 

43.9 

13,748 



59.9 



63 

± 

1 

21.3 

±0.5 





4 


56 

1,730 



12,013 



48.5 



65 

± 

2 

23.0 

±0.7 





4i 




4,900t 

49,1 


' 












56.4 

Dec. 6 

0 

22.85 

415 





-518 


90.0 











1 


160 

6,780 



■rtiHiMq 


86.7 


927 




17.2 

±0.4 





2 


67 

2,295 



13.767 


68.0 



69 


2 

18.8 

±0.4 





3 


80 

2,480 



11,283 


52.2 



62 

± 

2 

20.0 

±0.6 

-3.0 


Patient with peripheral edema due to hypertensive heart disease: before and after mercurial diuresis 


11 

F. J. 

Dec. 17 

0 







1 

1 


101.7 

936 

i 






1 

72.6 



25.45 

183 

3,110 






96.7 





21.6 

±0.1 









108 

1,900 






73.9 



38 

± 3 

25.9 

BSJUIM 




' 





90 

1,485 



18,941j 



61.8 



35 

± 3 

28.6 

±0.4 









102 

1,635 



17,301 

N 

72 

54.9 



47 

± 4 

29.5 

EiiM 



J 


12 

65.3 

Dec. 18 

0 


7,250 

5,730 



19,720 



97.5 

938 







_ 1 

5.6 




25.45 

700 





98.8 





18.7 

±1.0 










340 

2,785 



16,927 



73.6 



61 

±10 

21.6 

±0.7 










172 

1.342 



15,579 



60.8 



35 

± 5 

24.0 

±0.7 










186 

1,552 



msEssj 

; ' 


56.1 



46 

rh 5 

23.5 

±0.8 


i.O 



13 

58.7 

Dec. 28 

1 0 






19,740] 

1 -419 


103.5 

931 





— * 

;.3 


1 

25.45 

187 

5,710 





118.9 





15.5 




i 






106 

3,170 



16,560' 



95.4 



55 

± 2 

16.2 

±0.3 

1 








89 

2,680 



13,872’ 



77.6 



54 

± 3 

16.6 


-6.9 





H 


76 

1,970 



11,896 



66.3 



54 

d: 3 

16.7 

±0.4 




* Maximum standard deviation error (see text). t Water content equaled 974 grams per liter. 


fore and after paracentesis. However, in patient 
F. J. the clearance was higher in Experiment 13 
when most of her edema had been removed. 

DISCUSSION 

The evidence presented in these experiments 
indicates that in the normal subject mannitol is 
distributed throughout a definite fraction of the 
body fluids. This fraction remains essentially 
constant between 1 and 3 hours after intravenous 
injection and is reproducible in the same subject 
after repeated injections. The assumptions nec- 
essary to the calculation of a constant volume of 
distribution, as outlined in the beginning of this 
paper, are supported by the data presented. Man- 
nitol was completely recovered in urine. It ap- 
peared to be uniformly distributed throughout 
1 portion of the body fluids, and the concen- 
trations of mannitol in ascitic fluid checked very 


closely with that in serum, when equilibrium prob- 
ably had been attained. 

The time required in normal subjects for equi- 
librium to be reached between serum and the rest 
of the mannitol space was found in these experi- 
ments to lie between % and 1 hour. This is 
definitely longer than the 20 minutes reported b}^ 
Newman, Bordley, and Winternitz (2), but ap- 
proximates the time of 1 hour reported by Alving 
and Miller (8) for inulin. Certainly for any 
measurement of the mannitol space it is essential 
that this equilibrium be reached, as indicated by 
a constant value for the volume of distribution 
between 2 separate points. In patients with 
abnormal accumulations of extracellular fluid, the 
time for equilibration may be greatly extended. 
In patient L. M. with ascites, it was only ap- 
proached at 3 to 4 hours. In patient F. J. with 
edema, equilibrium was reached more rapidly as 
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the edema and mannitol space diminished in size, 
namely, at 3 to 4 hours, 2 to 3 hours, and 1 to 2 
hours (Experiments 11, 12, and 13). Prolonga- 
tion of the time for equilibration probably occurs 
in the presence of any type of circulatory im- 
pairment. 

No direct evidence is presented regarding the 
relation between the absolute mannitol space and 
the extracellular fluid. In the normal subjects 
the magnitude of the former approximated the 
accepted value for the volume of the latter, namely, 
% of the body weight. The range in these ex- 
periments w'as 18.7 to 23.0 per cent of the body 
weight. These values are slightly higher than 
the average for 11 normal subjects found by 
Newman, Bordley and Wintemitz (2) which was 
17.7 per cent of the body weight. The volume of 
distribution of sucrose, a similar polysaccharide, 
was shown by Lavietes, Bourdillon and Kling- 
hoffer (9) to range in 3 normal subjects between 
17.2 and 20.3 per cent of the body weight. 

No one substance has ever been shown to be 
completely excluded from all body cells. Due to 
the relatively small amounts of chloride in tissues 
(10), radioactive chloride, CP®, is probably the 
best reference substance yet found. In dogs the 
volume of distribution of CP® has been demon- 
strated to be smaller than those of radioactive 
sodium, Na*^, and sulfocyanate (11). However, 
the very short life of CP® makes it an extremely' 
difficult substance to use experimentally. The 
author knows of only 1 human subject in whom 
the volume of distribution of CP® has been deter- 
mined: the value obtained by Moore (12) was 
18.9 per cent of the body weight. As the volume 
of distribution of Na"* in the same subject was 
26.5 per cent of the body weight, it is obvious 
that radioactive sodium is no more useful as a 
reference substance in man than in the dog. 
Kaltreider, ^leneely, Allen and Bale (13) ob- 
tained an average value of 24.8 per cent of body- 
weight in 14 normal subjects for the volume of 
distribution of Na"*, 3 hours after injection. This 
value is close to that of Moore’s stated above. 
In the absence of a simultaneous study of the 
volumes of distribution of CP® and of mannitol in 
the same subjects, it can only be stated that the 
range of mannitol volumes of distribution found 
in our experiments lies between those of Q-® and 


Na-* as found by these other workers in other 
subjects. This is hardly definitive. 

Studies of the phase distribution of sugars in 
individual tissues have not been extensive. Alan- 
nitol does not penetrate erythrocy-tes (1, 2). 
Wilde (14) demonstrated that inulin and sucrose 
were confined to a phase in skeletal muscle smaller 
than that of chloride. These tissue studies appear 
to confirm the results of the volume of distribu- 
tion studies as indicating that mannitol and allied 
polysaccharides are in the main confined to extra- 
cellular fluid. 

Another type of evidence is available in our 
experiments on the patients with ascites and 
edema. The change in mannitol space approxi- 
mated the change in chloride space as calculated 
from the balances of and changes in serum con- 
centration of chloride. This evidence does not 
indicate that the absolute size of the mannitol 
space is the same as that of chloride (11), but 
it does suggest that determination of the mannitol 
space may be a useful and independent measure 
of changes in extracellular fluid volume. Further- 
more calculation of such change from the changes 
in balance and serum concentrations of chloride is 
possible only if the initial extracellular fluid vol- 
ume, El, is known. In a normal subject this 
value can be estimated reasonably from the body- 
weight. But in patients with dehydration or 
edema some direct measurement of Ei is neces- 
sary. Direct determination of the mannitol space 
may be used for this purpose. 

Successive determinations of the volume of 
distribution of mannitol in the same subject re- 
quire some consideration of the rate of excretion 
of this substance. The rapidity- of excretion prob- 
ably- prevents the detection of significant changes 
in the extracellular fluid volume beUveen multiple 
points determined, following a single injection. 
On the other hand, the substance must be com- 
pletely excreted before volumes of distribution 
can be determined following a second injection. 
Residual amounts in the serum and urine would 
introduce an unknown error into the calculation 
of blank concentrations, and hence into the calcu- 
lation of the distribution volume. 

The errors have also been studied winch are 
involved in the measurement of the mannitol 
clearance, or the rate of glomerular filtration. 
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Theoretically, when the mannitol clearance is cal- 
culated for the I/O- to 1-hour period, when the 
serum concentration of mannitol is higher than 
that in the interstitial- fluid, it does not measure 
the glomerular filtration rate alone. Part of the 
removal of mannitol from the plasma is extra- 
renal and hence the clearance value should be 
higher than the true renal clearance. The data 
in Table I, however, reveal that the clearances in 
this period were not significantly higher than the 
succeeding period (with the possible exception of 
Experiment 5). Failure to reach complete equi- 
librium, therefore, did not introduce a significant 
error into the determination of the rate of glo- 
merular filtration. 

Newman, Bordley, and Winternitz (2) propose 
to calculate the clearance of mannitol from the 
rate of fall in serum concentration only, thus ob- 
viating the necessity of accurate urine collections 
and analyses. To do so, however, the volume of 
the extracellular fluid or mannitol space must be 
known. No other method of measuring extra- 
cellular fluid volume appears to be readily avail- 
able, and its measurement by determination of the 
volume of distribution of mannitol requires the 
analysis of urine for mannitol. 

These workers also state the opinion that the 
mannitol clearance or glomerular filtration rate is 
more significant physiologically if it is quantitated 
per unit of extracellular fluid volume than per 
unit of body surface or merely per unit of time. 
This seems to the author to be erroneous in that 
the size of the reservoir containing a substance to 
be excreted has no relation to rate at which the 
kidney is able to excrete it. The kidney can only 
act on that portion of the extracellular fluid vol- 
ume which runs through it, the plasma. Thus in 
comparing the mannitol clearance between 2 and 
3 hours after injections in Experiments 11 and 
13, in terms of ml. per minute it rose from 35 to 
49 (4-40 per cent) ; in terms of ml. per minute 
per 1 .73 square meters of surface area it rose from 
35 to 54 {+ 55 per cent) ; and in terms of ml. per 
minute per liter of extracellular fluid volume 
(mannitol space) it rose from 1.2 to 3.0 (4-150 
per cent). In each experiment it was the same 
pair of kidneys ; i.c., per unit of kidney the change 
in filtration rate was only 4- 40 per cent. Be- 
cause the extracellular fluid volume happened to 


be reduced by almost it docs not seem sig- 
nificant from the standpoint of renal function to 
correct the change in rate to -{-150 per cent. 

SUMMARY 

In normal human subjects following a single 
intravenous injection of mannitol: 

1. Mannitol was fully recovered in the urine 
in 24 hours. 

2. Equilibrium appeared to be complete be- 
tween % and 1 hour after injection. 

3. The volume of distribution was constant be- 
tween 1 and 3 hours after injection, ranged be- 
tween 18.7 and 23.0 per cent of the body weight, 
and was reproducible in each subject following 
repeated injections. 

4. Under specified conditions the maximum 
standard deviation error in the volume of distri- 
bution did not exceed rfc 0.5 liter. 

In 2 patients with ascites and edema follow- 
ing a single injection of mannitol: 

1. Four hours or more were required for dif- 
fusion to equilibrium. 

2. Equilibration was speeded as edema was 
reduced. 

3. The decrease in mannitol space compared 
favorably with the decrease in chloride space as 
produced by paracentesis and mercurial diuresis. 

The glomerular filtration rates in both groups 
of subjects were determined. The error due to 
failure of attainment of complete equilibrium was 
less than that due to the analytical error. 

The relation of the mannitol space to the ex- 
tracellular fluid is discussed. 

Certain modifications in the mannitol method 
are described. 
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During the 50 years that have elapsed since 
Arneth originally studied the behavior of circu- 
lating leukocytes, many substances and physical 
factors have been shown to exert an effect of 
either depressing or stimulating the total num- 
bers of circulating white cells. Most of the sub- 
stances have been protein in nature. Thus bac- 
terial products (1), peptone (2), enzymes (3), 
tissue extracts (4), and pseudoglobulins (5), have 
all been shown to cause temporary alteration in 
the peripheral leukocyte picture. Among the 
physical factors that can similarly influence white 
cell circulation are cold (6) and ultraviolet light 
(7). Boyd (8), in 1913, was the first to show 
that inorganic ions can stimulate an increase in 
the total white count. While treating insanity 
with intravenous salt solution, he noted an in- 
crease in the polymorphonuclear cells of the 
blood. Later Bluemel and Lewis (9), in 1924, 
were able to demonstrate a transitory leukocytosis 
under the same circumstances. Beard and Beard 
(10), in 1928, working with rabbits, showed that 
the intravenous injection of salt caused a transi- 
tory leukopenia followed by a leukocytosis. They 
postulated that the cation Na+ might play some 
role in regulation of white counts. 

While working with leukocyte tissue cultures, 
it was observed (11) that polymorphonuclear 
neutrophiles exhibited a lengthened survival in 
hypertonic media whereas lymphocytes showed a 
corresponding slightly lengthened survival in hy- 
potonic media. Although such studies dealt solely 
with cell survival, they raised interesting possi- 
bilities of correlation with in vivo effects on regu- 
lation of circulating leukocytes. The present 
study was therefore undertaken to determine 
whether simple alteration in the tonicity of serum 
would similarly effect leukocyte maturation and 

^The author is indebted to Miss Jean Sunderlin for 
technical assistance. 

- Donner Foundation, Research Fellow. 


release into the peripheral circulation. That is;' 
would experimental hypertonicity induce a selec- 
tive polymorphonuclear leukocytosis? 

METHODS 

Subjects: Healthy 10- to I4-kiIogram dogs. Hyper- 
tonicity was induced, both acutely and chronically, by 
diverse means. Prior to the start of any 1 experiment, the 
animals were maintained on a standard diet and fluid 
intake for 1 week. In experiments which extended over 
a several-day period, all blood studies were done at the 
same time of day, under the same circumstances and by 
the same set of observers, to minimize, as far as possible, 
the effects of activity, excitement and variation in the 
diurnal tide on the peripheral leukocyte pattern. Total 
white counts and smears were made with standard tech- . 
niques. Red cell counts and/or hematocrits were done 
throughout each experiment. All variations in absolute 
leukocyte counts were thus corrected for the factor of 
hemoconcentration. All variations in tonicity of the 
extracellular fluid were determined by the technique 
of freezing point depression on defibrinated blood and 
are reported in milliosmoles per liter (conversion factor: 
AT, = 1.86 M). 

CHRONIC HYPERTONICITY 

Chronic hypertonicity was attained over a 5- to 10-day 
period by the following means : (i) Chronic water and 
food deprivation; (2) chronic water deprivation in the 
presence of a dry protein diet ; (2) chronic water depriva- 
tion in the presence of a dry protein diet plus hypertonic 
salt solution parenterally. As shown by Danowski (12), 
and others, the diuretic effect of the end products of ni- 
trogen metabolism hastened the onset of chronic hyper- 
tonia. Chronic hypertonia was effected 1 time on each of 
3 seperate dogs, “A,” “C” and “F.” 

RESULTS 

The average resting (pre-experimental) mo- 
larity was 308 milliosmoles. The levels of hyper- 
tonicity that were attained varied from 364 to 
484® milliosmoles. In each instance the hyper- 

® When this exceptionally high molarity was reached 
the dog (Exp. A-2) was in extremis and convulsing. Im- 
mediately after the tests were made, the dog was suc- 
cessfully revived by large amounts of hypotonic fluid i.v. 
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tonicity was accompanied by an increase in the 
absolute numbers of circulating neutropbiles. The 
lymphocytes and eosinophiles remained essentially 
unchanged. The absolute numbers of monocytes 
decreased. In Figures 1 and 2, the increase in 
absolute neutrophile counts are plotted against the 
rise in molarity which occurred in each of the 3 


experiments, A-2, C-1, F-1. It will be seen that 
the molarity of the serum and the absolute neutro- 
phile count bore a linear relation to one another. 
Under the experimental conditions -which existed, 
the absolute numbers of circulating poljmioipho- 
nuclear neutropbiles appeared to be a factor of 
the tonicity of the extracellular fluids. 


ACUTE AND CHRONIC HYPERTONIA 
EXPERIMENTS A-3, C - 1, F - 1 



0»EXP. A-3 ACUTE HYPERTONfA — ONE r.V. - 100 Ml. - 1.6 MOLAR SALT 

• *EXP. C-J. CHRONIC HYPERTONIA — 9 DAYS WATER DEPRIVATION 

A-EXP. F-1 CHRONIC HYPERTONIA — 6 DAYS WATER DEPRIVATION PLUS 

DRY PROTEIN DIET 


» CORRECTED FOR HEMOCONCENTRATKJN 


Fig. 1. 
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Fig. 2. 


ACUTE HYPERTONICITY 

Acute hypertonicity was produced, in all instances, by 
the intravenous administration of hypertonic sodium 
chloride solution. The experiment was performed 6 times 
on 2 animals, dogs “A” and “G.” In Experiment A-3, 
100 ml. of 1.6 molar sodium chloride were infused. In all 
other experiments, G-2, 3, 4, 6 and 7, 250 ml. of 1.0 molar 
sodium chloride solution were infused. If sufficient time 
was allowed for the administration of the infusions (45 to 
90 minutes), this amount of salt was exceptionally well 
tolerated and produced no objective signs of physiologic 
disturbance. If, however, the rate of infusion was re- 
duced to M hour or less, profound cerebral irritability, 
clonic convulsions and death occurred. 

RESULTS 

Administration of hypertonic salt solution in- 
travenously resulted in acute hypertonia. The 
molarity of the serum rose rapidly to an average 
level of 370 milliosmoles and returned to normal 
in about 7 hours. In all instances, the rise in 


molarity was followed by a selective increase in 
the absolute numbers of circulating neutrophiles.' 
The neutrophile rise was statistically significant 
and of an order of magnitude of 50 per cent or 
greater. Immediately following the infusion of 
the hypertonic salt solution, there was a slight 
decrease in the total numbers of all cell types, 
both red and white. This was felt to be due to 
a simple dilution effect from the volume of in- 
fused solution and not to be indicative of any 
specific action on blood cells. Then the rise in 
absolute numbers of granulocytes began abruptly, 
around % to % hour after the infusion was com- 
pleted, and reached its highest level in from 7 
to 10 hours. In acute hypertonicity, as in chronic, 
the increase in absolute neutrophile count bore a 
linear relationship to the increase in molarity of 
the extracellular fluids (Exp. A-3, Figure 1). 
Since, with acute hypertonicity, the rise in molar- 
ity usually preceded by an hour or more the rise 



EFPECrS OF HYPERTONIA ON CIRCULATING LEUKOCYTES 


1101 


DOG - G EXP. 2 ACUTE HYPERTONIA, 



COMPI.CTC 


Fig. 3. 


in neutrophiles, the fluctuations in count and 
tonicity arc best plotted against time. Thus in 
Figures 3, 4 and 5, the 24-hour \’ariation in abso- 
lute counts following a single infusion of 250 ml. 
of hypertonic saline may be seen for Experiments 
G-2, 3 and 4. As a control experiment it n-as 


next decided to test the effect of an infusion of a 
similar amount of isotonic saline to determine 
how much of the pohnnorphonuclear rise, if any, 
could be attributed to a non-specific "washing 
out” of cells secondary’ to an increased rate of 
blood flow. 
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In Experiment G-5 (Figure 6), it will be seen 
that a transitory rise in neutrophile count did 
occur after isotonic saline. The rise was slight, 
however, and not sustained. It was felt that part 
of this rise might be due to splenic contraction 
from the stimulus of the intravenous infusion. 
The animal was therefore splenectomized and the 
experiments repeated, with both isotonic and hy- 
pertonic saline. 


In Experiment G-8 (Figure 7), it will be seen 
that removal of the spleen completely abolished 
the non-specific rise that occurred in the control 
injection of isotonic saline. However, in Ex- 
periments G-6 and 7 (Figures 8 and 9), it will 
be seen that removal of the spleen did not affect 
the rise in count which follows hypcrtonidty. 
(The rise in neutrophile count, as previously, was 


DOG-G EXP. 3 
ACUTE’ HYPERTONIA 



EFFECT CF SINGLE INJECTION OF 
250 ML.- 1 M. SALT SOLUTION I.V. 



Fig. 4. 
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DOG-G EXP. 4 ACUTE HYPERTONIA 



Fia 5. 


prompt, selective (unaccompanied by lymphocvTo- 
sis) and statistically significant. 

DISCUSSION 

Within the limits of these experiments it is 
reasonable to ascribe a cause and effect relation- 
ship between the milliosmolar strength of the 
serum and the absolute numbers of circulating 
neutrophiles. Due to the fact that the leukocyte 
\’anations in these experiments were produced by 


alterations in osmotic pressure rather than through 
the use of foreign proteins or other substances 
alien to the blood stream, it is not unreasonable 
to postulate that \a.riations in milliosmolar 
strength of the extracellular fluids may play a 
role in determining the leukocj'te pattern in some 
diverse disease states. For example: (J) The un- 
explained polj-morphonuclcar lcukoc>-tosis v.-hich 
regularly accompanies the hypertonicity of dialxrtic 
coma. (2) The unexplained granulopenia and 
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relative lymphocytosis which regularly accom- 
panies the hypotonicity of Addison’s disease. 
Studies are currently being carried on to inves- 
tigate these relationships. 

The mode of action of the hypertonic poly- 
morphonuclear leukocytosis produced in these ex- 
periments is unknown. Its prompt occurrence 
in acute hypertonicity makes it obvious that it is 
not due to the effect which originally stimulated 
these investigations, namely : The lengthened sur- 
vival time of neutrophiles in hypertonic media 


(11). The recent work of Lawrence (13), who 
places the in vivo survival time of leukocytes at 
16 hours, would similarly tend to make such an 
effect improbable. The 2 most likely mecha- 
nisms would seem to be either a release of pre- 
formed cells from some theoretical "store house” 
in the body or an accelerated maturation and 
release of immature cells from the bone marrow. 
If the first mechanism obtains, it would be diffi- 
cult to visualize the absence of a simultaneous rise 
in all leukocyte types (lymphocytes, monocytes. 


CELL - 



Fig. 6. 
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1 COUNT 
§ 20000 

300 M 

19000 
370 M 

IBOOO 
360 M 

17000 


DOG-G EXP. 8 CONTROL 

EFFECT OF SINGLE INJECTION OF 
250 ML. ISOTONIC SALT SOLUTION 
I.V. ON SPLENECTOMIZED ANIMAL 


350 M 

I6000I 
340 M 

ISOOOl 
330 M 

t4000| 
320 M 


assolute neutrophile count 



Fig, 7. 


eosinophiles) and the persistence of the rise in 
the case of the chronically induced h3'pertonicitj'. 
If the second mechanism obtains, one would ex- 
pect rather large numbers of juvenile neutrophiles 
to appear in the peripheral circulation. Although 
this phenomenon was looked for, and sometimes 
found, its appearance -was too irregular to lend 
weight to this possibility. On the basis of these 


experiments, no explanation of the mechanism 
can be offered. Further investigation into the 
mode of action of hj'pertonic pohanorphonuclear 
leukocjtosis should include serial bone marrow 
observations. 

SUMM.^RV 

H\-pertonicit3' of the serum of dogs was pro- 
duced both acuteh’ and chronically. In all in- 
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stances it was accompanied by relative and abso- 
lute increases in the numbers of circulating neu- 
trophiles. The absolute numbers of lymphocytes 
remained essentially unchanged with increases in 
molarity. Monocytes, when present in numbers 
to be statistically significant, showed a slight de- 
crease with increases in molarity. 


CONCLUSION 

Under the conditions of these experiments the 
increases in absolute numbers of circulating neu- 
trophiles were directly proportional to the in- 
creases in the milliosmolar strength of the extra- 
cellular fluids. 
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Restriction of the sodium chloride intake as a 
therapeutic measure in hypertensive vascular dis- 
ease was first advocated man)" years ago (1, 2, 
3). Although subsequent investigators (4, 5, 6, 
7) claimed that the addition or removal of salt 
from the diet failed to influence the blood pres- 
sure level significantly, interest in the subject has 
recently been renewed. 

Selye and his coworkers (8) noted a striking 
h)’pertensive effect when sodium chloride was 
administered to experimental animals receiving 
injections of desoxycorticosterone acetate. Groll- 
man and his associates (9) observed that drastic 
reduction in sodium intake resulted in a decline 
in blood pressure in some hypertensive patients. 
They believed it probable that the beneficial ef- 
fects of the diet proposed by Kempner (10) might 
be due to the restriction of salt. Recently evi- 
dence has been presented (11) that sodium chlo- 
ride potentiates the pressor activity of desoxy- 
corticosterone acetate when injected into rats 
rendered nephritic with nephrotoxic serum. 

The present study was undertaken to re- 
examine the relationship of sodium chloride to 
hypertensive vascular disease in man. 

METHODS 

Men and women with uncomplicated h>-pertensive vas- 
cular disease were studied on the wards of the Presby- 
terian Hospital and the Research Service, First Division, 
of the Goldu-ater Memorial Hospital. Subjects were in- 
cluded only if the antecedent blood pressure consistently 
exceeded 140/90 mm. of mercury and in the absence of 
cardiac pain or insufncicncy, renal or cerebral complica- 
tions or fever. All patients were free of albuminuria, 
showed normal phenolsulfoncphthalcin excretion and 

'^This study 'was made possible through the generosity 
of the Albert and Mao' Lasker Foundation. )Ve are in- 
debted to Miss Ann D. Barrows, dietitian. Miss Margaret 
G. Hawthorne, head nurse. Miss Katherine Vislockv, 
technician, Jolm T. Sharp and Dominic G. Iczzoni for 
their invaluable assistance. 


urine concentration tests, and in all instances the venous 
pressure was within normal limits. 

Blood pressures were measured each morning in the 
same arm by the same observer, with the subject quiet 
and relaxed in bed, the head of which was raised to a 
30° angle. At least 5 and usually 7 or 8 readings were 
taken at half-minute intervals and the lowest systolic and 
diastolic value recorded. This value was designated 
the “resting" blood pressure as compared to "casual" read- 
ings taken under various conditions of activity at other 
times daring the day. In order to secure an adequate 
baseline, it was found obligatory to carry out preliminary 
observations for at least 3 weeks. 

All subjects were kept in bed until after blood studies 
and blood pressure measurements were made, and am- 
bulatory activity was standardiaed at a constant level 
the rest of each day. The patients were weighed daily 
before breakfast on the same scales. The daily fluid in- 
take and urine output were recorded, distilled water be- 
ing supplied for drinking purposes. 

Throughout the study the patients were given a constant 
diet and fluid intake. Identical salt-poor daily menus 
were prepared. Repeated direct analyses of aliquots 
taken from an entire day’s cooked diet gave values of 
between 0.25 to 0.35 grams of sodium or considerably less 
than 1 gram of sodium chloride per daj'. These salt-poor 
diets yielded 1,700 to 2,200 calories and 70 to 80 grams 
of protein, and did not include special ingredients such 
as dialyzed milk. Sodium chloride was administered by 
mouth using weighed salt shakers, additional supple- 
ments being given in some instances in the form of 
enteric-coated tablets. When indicated, desoxycorlicos- 
terone acetate- (DCA) was injected subcutaneously in 
doses of 5 mgm. twice daily. 

The urine chloride was determined daily from the 24- 
hour collection, daily aliquots being measured at ap- 
pro.ximately weekly intervals for their sodium content. 
Fasting blood samples were obtained at intervals for CO, 
content, chloride, sodium, potassium, protein and urea 
nitrogen determinations. The scrum volume was meas- 
ured with the blue d 3 ’e T. 1824. Week!}- electrocardio- 
grams were taken and in no instance showed evidence of 
significant mj'ocardial damage or serial changes. 

■A sample chart (Figure I) illustrates tl:c general form 


' Deso.xycorticostcrone acetate (Doca) was supplied 
through the counesy of Dr. L. A. Pirk of Rexhe-Organen, 
Inc, N'utlej-, New Jersey. 
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l.T. ?44 


DAYS 


WEIGHT 

(kilos) 


**817644 
100 


B.R 

(mm.HgT 


FLUID 

INTAKE 

(c.c.^ 

URINE 

VOLUME 

C.C. 



2000. 

1500. 

1000 

500 

500 

1000 

1500 

2000 

2500L 






URINE CHLORIDES 
(m.eq./24hr5. as NaCI) 


SODIUM INTAKE m.eq/24hrs. 
URINE SODIUM mcq/24hrs.(a 


30. 

60. 

90. 

120 , 

150 

180 

210 


I L 


PTTO 

I ^ 


'iir- 


- 11.2 


►< 97 ' 


•I46- 


-11.2— »:«- 


-97- 


leal 3l1 io. 6 T' 6 r 2 { I 84 fuQ j "m | 123 I 26.3 ( S5 I 66 |105| 



i 1 

1 


1 

I 

1 

i i 

i 

1 

i 

i 

i 

i 

SERUM COj CONTENT m.eq./liter 

28.1-26.3 

- 

29.2 

30.7 

30.0 

30.4 

30. 

30.6 

29.7 

29.3 

283 

31.4 

32.8 

SERUM CHLORIDES m.eq./liter 

1O2.4-1043 

- 

103 a 

toaa 

I0I.2 

102.9 

104.7 

103.7 

103.5 

103.2 

101.3 

103.0 

100.2 

SERUM SODIUM m.eq/liter 

140.1 -136.6 

- 

- 

14Q.3 

- 

141.9 

141.0 

140.2 

137.6 

136.0 

- 

140.0 

141.1 

SERUM POTASSIUM m.eq/!iter 

4.3 4.3 

- 

- 

4.2 

- 

4.4 

4.2 

4.2 

4.2 

3.9 

- 

3.8 

3.2 

SERUM PROTEIN Gms./looc.c. 

6.2 6.2 

6.3 

6.4 

63 

6.4 

6.5 

6.2 

6.2 

6.0 

6.0 

7.1 

6.3 

6.0 

SERUM UREA NITROGEN mgs./ioocci 2 13 

- 

14 

16 

16 

15 

13 

11 

14 

7 

16 

14 

It 

SERUM VOLUME c.c. 

2240 


2240 

2200 


2140 

2440 

2240 

2320 





Fig. 1. Sample Chart Illustrating General Form of Investigations on Each Hypertensive Subject 


in which subsequent investigations were conducted and 
recorded on each patient. 

RESULTS 

I. Effect of rigid sodium chloride restriction 
on blood pressure. Six hypertensive patients 
were studied following a preliminary baseline 
period and constant regimen which included 4 
grams of sodium chloride added to the salt-poor 
diet. A decrease in “resting"' blood pressure was 
observed in all patients in from 3 to 5 days after 
the withdrawal of the sodium chloride from the 
diet, with a return to previous levels only after 
sodium chloride administration was resumed (Fig- 


ure 2, I). The majority of blood pressure read- 
ings, during the period of observation, remained 
above 140/90 mm. of mercury. “Casual" read- 
ings were apparently uninfluenced by sodium 
chloride restriction, and each patient exhibited 
the same variation, the same response to such 
stimuli as activity, apprehension or the cold pres- 
sor test as was demonstrated during the fore- 
period. 

The withdrawal of sodium chloride from the 
diet for a period of 2 weeks was tolerated in these 
subjects without discomfort. Slight weight loss 
and small increases in urine output were gener- 
ally observed. The decreased intake was sharply 
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Fig. 2. Effect of Rigid Sodium Chloride Restriction and of Increased Sodium Chloride Intake on 6 

Patients with Hypertension 


reflected in urine sodium and chloride levels, but 
serum CO,, chloride, sodium, potassium, protein, 
urea nitrogen and volume measurements were not 
materially influenced (Table I). Ballistocardio- 
graphic tracings ivere unchanged on repeated rec- 
ords taken before and after sodium chloride 
restriction in 2 of these patients, both of whom 
exhibited a significant drop in blood pressure on 
salt restriction. 

II. Effect of increased sodium chloride intake 
on blood pressure. Six h 3 ’pertensive patients, 4 
of whom had been included in the previous study, 
were investigated following a preliminarj’ base- 
line period and constant regimen which included 
4 grams of sodium chloride added to the salt-poor 
diet. The intake of sodium chloride was then 
increased to 15 grams daily for an 8-day period. 
These subjects were able to tolerate this dosage 
without gastric intolerance or diarrhea. 

A rise in "resting” blood pressure was obseiwed 


in 5 patients within 1 to 4 days after the addition 
of sodium chloride to the diet, with a return to 
previous levels after the initial dosage was re- 
sumed (Figure 2, II). (In 2 patients a week’s 
trial with placebo pills was without effert on the 
blood pressure.) Again "casual” readings were 
uninfluenced and each patient exhibited the same 
variation, the same response to such stimuli as 
activity, apprehension or the cold pressor test as 
was demonstrated before the increased sodium 
chloride intake. 

The further addition of sodium chloride for a 
period of 8 days was followed bj- an increase in 
urine sodium and chloride excretion, and slight 
weight gain and decreases in urine output were 
generallv- obseiwed. Xo significant change was 
recorded in serum CO;, chlorides, sodium, potas- 
sium, protein, urea nitrogen, or volume measure- 
ments (Table II). 

III. Effect of rigid sodium chloride restriction 
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TABLE I 


Clinical and laboratory data of 6 hypertensive patients before and after rigid sodium chloride restriction 
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3 

m 






68-13 

90-16 

27 . 7 - 24.2 

104 . 6 - 104.1 

i 

142 . 5 - 135.7 

4 . 4 - 5.4 

6 . 7 - 6.9 

7 - 9 



n 

140 

174 

170 

182 

188 










4 

98 

90 

104 

100 

no 

112 

69 - 8 

64-20 


97 . 5 - 99.0 

140 . 1 - 139.8 

4 . 4 - 4.8 

6 . 7 - 6.8 

12-14 

2360-2280 


162 

146 

176 

172 












5 

110 

100 

120 

118 


' 

68 - 9 

70-14 

27 . 9 - 29.7 

100 . 4 - 98.1 

! 

138 . 5 - 138.5 

4 . 5 - 4.5 

7 . 3 - 7.2 

14-18 



182 

168 

204 


216 

206 







1 



6 

116 



114 


118 

66-14 

76-15 

27 . 3 - 28.5 

1 

100 . 8 - 99.2 

137 . 5 - 137.7 

4 . 4 - 4.4 

7 . 2 - 7.4 

11-10 

2000-2000 


* Mean values for each period. 


on pressdr action of DC A (12). Five hyperten- 
sive patients, 3 of whom had been investigated 
in the previous studies, were studied following a 
preliminary baseline period and constant regimen 
which included 4 grams of sodium chloride added 
to the salt-poor diet. DCA was then injected 
subcutaneously in doses of 5 mgm. twice daily, 
with added dietary sodium chloride increased in 
3 subjects but maintained at 4 grams in 2. After 
10 days, all added sodium chloride was withdrawn 
from the diet without other change in regimen 
and while the subjects continued to receive DCA. 

In all instances an increase in "resting” blood 
pressure followed the injection of DCA, this rise 
not being maintained when sodium chloride was 
withdrawn (Figure 3). During the period of 


sodium chloride and DCA administration, the ex- 
pected slight increases in weight, hemodilution 
and serum volume were generally noted, together 
with slight reduction in urine volume (12, 13). 
Significant increases in serum chloride and sodium 
were observed in 2 patients, while reductions in 
serum potassium of from 0.4 to 1.5 m.eq. took 
place in all subjects. When DCA injection was 
continued but with rigid sodium chloride restric- 
tion, slight reductions in weight and serum vol- 
ume were seen, together with hemoconcentration, 
slight increases in urine volume, and a sharp de- 
crease in urine sodium and chloride values. The 
serum chloride and sodium were significantly 
reduced by sodium chloride restriction in 2 in- 
stances, while the serum potassium levels showed 
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TABLE n 

Clinical and lahoratory data of 6 hypertensive patients before and after increased sodium chloride intake 


Mean 

"resting" 

B.P. 

Mean 

“casual” 

B.P, 

veek 

be. 

fore 

8 

days 

of 

v:eck 

hc' 

fore 

8 

days 

of 


B.P. 
response 
to cold 
pressor 
test 


1 


fore 


after 


Increased NaCl intake 


Before and after 8 days of increased NaCl intake 


Urine* 

Semin 

Sodium 

Chlo- 

ride 

COi 

content 

Chloride 

Sodium 

Potas- 
1 sium 

Pro- 

teins 

Urea 
; nitro- 
gen 

i 

1 Volume 

rrijtq. 

24 

krs. 

mxQ, 
Per 24 
hrs, as 
N-aCl 

mjtq^ Per 
liter 

m^q. per 
liter 

m^q. Per 
liter 

1 TTi^q. 
per 
liter 

srems 
per 
100 cc. 

■mgm. 

per 

100 

cc. 

cc. 

1 

- 57-190 
i 

74-176 

31.4-32.8 

99.4- 99.0 

140.0-140.8 

; 4.4-4.2 

6.4-6.4 

1 

1 

13-11 

2440-2500 

) 

- 72-204 
) 

80-200 

27.4-28.0 

100.4- 99.6 

138.4r-138.4 

4.9-4.6 

6.0-5.9 

18-18 

2620-2580 

66-210 

74-210 

26.3-27.0 

101.9-101.9 

138.1-138,9 

4.6-4.9 

1 

7.0-7.2 

1 

14-17 


2 

8 

90-216 



] 




2480-2520 

0 

- 86-204 
0 

68-178 

29.9-30.4 

104.4-103.3 

140.9-138.o| 

4.9-4.9 

6.2-6.0 

14-16 

2840-2920 

■ 65-186 

1 74-230 

1 24.4-26.1 

106.3-108.0 

140.7-140.0 

d.2— 4,/ 

6.1-6.0 

1 

1 

9-13 



1 

158 

160 

160 

178 

96 


110 

112 

120 

166 

180 


206 

220 

100 

112 

120 

120 

120 

162 

164 

176 

174 


112 

116 

122 

m 


146 


162 

162 

180 

92 

102 

m 

100 

118 

162 

178 

186 

188 

196 

102 

m 

114 

114 


172 

184 

196 

194 


102 

lie 

116 

118 

I 


174 


• Mean values for each period. 


no further consistent change (Figure 4, Table 
III). 

As the pressor action of prolonged DCA injec- 
tion was on occasion found to be transitorj% the 
order was reversed in 2 additional patients, i.c., 
following the usual baseline observations, rigid 
sodium chloride restriction was instituted simul- 
taneousl}’ with the start of DCA administration. 
These were patients who had not been subjected 
to previous studies. No rise in "resting” blood 
pressure ensued until the addition of sodium 
chloride (Figure 5). 

COMMENT 

The present study, utilizing measurements of 
the "resting" blood pressure, confirms the reports 


of some previous obserr^ers that the rigid restric- 
tion of sodium chloride in the diet may lower the 
blood pressure of patients with hypertensive vas- 
cular disease. Conversely, it has been shown 
under similar conditions that large amounts of 
dietary' sodium chloride may exert a pressor effect 
in hypertensive subjects. Lastly', the obsen-ations 
of Knowlton and her associates (11), that sodium 
chloride participates in the potentiation of the pres- 
sor activity of DCA, have been supported by- 
studies in patients with an elevated blood pres- 
sure. It has been preriously shown that this 
pressor response to DC.A is not due to salt and 
water retention alone (12), 

Because of the great r-ariability of blood pres- 
sure readings in association with any of a large 
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number of environmental changes, the need has 
been stressed for an adequate baseline and constant 
regimen as well as for the differentiation between 
"resting” and "casual” values. It must be em- 

M 



Fig. 3. Effect of Rigid Sodium Chloride Restric- 
tion ON Pressor action of DCA in S Hypertensive 
Subjects 


phasized that the magnitude of blood pressure 
fluctuation observed in this study was often small, 
although consistent, and that standard conditions 
were required. 

The effect of rigid sodium chloride restriction 
is apparently unrelated to changes in circulatory 
volume or cardiac output, hence must be concerned 
with alterations in peripheral resistance. It must 
be noted that a normal blood pressure is not rou- 
tinely achieved by salt restriction and that the 
patient’s ability to respond to autonomic or neuro- 


genic stimuli is unaffected. The demonstration in 
this study that there is an absence of correlation 
between "resting” and "casual” blood pressure 
readings, suggests that the factors (at least in part 
neurogenic) influencing the “casual” readings may 
be independent of those influenced by sodium chlo- 
ride or DCA. This may explain the results of 
sympathicolytic drugs and of surgical procedures 
which modify vasoconstriction of sympathetic ori- 
gin yet do not invariably relieve the hypertensive 
state. Previous uncertainties concerning the effect 
of many tlierapeutic agents may have been due to 
the failure to dissociate between extrinsic (neuro- 
genic) and direct actions on peripheral resistance, 
both of which seem to be involved — in variable pro- 
portions — in the clinical picture of hypertension. 

There is nothing to suggest that the small 
changes in "resting” blood pressure associated 
with rigid sodium chloride withdrawal are of 
therapeutic significance or that prolonged restric- 
tion will exert any influence on the natural his- 
tory of this disorder. 

The modification of "resting” blood pressure 
levels by sodium chloride and the relationship of 
sodium chloride to the pressor action of DCA are 
consistent with the view that some product of the 
adrenal cortex may play a part in the mechanism 
of hypertensive vascular disease (12, 14, 15). 

CONCLUSIONS 

1. Observations have been made on patients 
with uncomplicated hypertensive vascular disease 
under controlled conditions of diet and activity. 

2. Despite an otherwise constant regimen, rigid 
sodium chloride restriction resulted in a slight 
decrease in "resting” blood pressure in 6 subjects, 
whereas large amounts of dietary sodium chloride 
produced a slight rise in "resting” blood pressure 
in 5 of 6 subjects. 

3. The pressor action of desoxycorticosterone 
acetate was observed in 7 subjects, but only when 
sodium chloride was included in the diet ; the rigid 
restriction of sodium chloride obliterated this 
pressor response. 

4. It is suggested that vasoconstrictive factors 
(at least in part neurogenic) in hypertensive pa- 
tients are independent of those alterations in pe- 
ripheral resistance influenced by sodium chloride 
or desoxycorticosterone acetate. 



RELATIONSHIP OF SODIUM CHLORIDE TO HYPERTENSION 


WEIGHT 

(kilos) 


B.R 

(mm.Hg.) 


M.B.? 37 
> 10 


^842993 

40 


J*^DCA 10 mgs. 


fOiet started 


FLUID INTAKE 
Cc.c.) 


URINE VOLUME 

(C-C.) 


URINE CHLORIDES 
m.eq/24hrs. as NaCI 


SODIUM INTAKE meq./24hrs. 
URINE SODIUM m.eq./24hrs(a 


SERUM CHLORIDES rrieq/liter 
SERUM SODIUM m.eq/liter 
SERUM POTASSIUM m.eq./liter 
SERUM PROTEIN Gms/ioo cc. 




i 

1 

1 

1 


1 

357 

340 

353 

393 

396 

354 

920 

924 

97.6 

91.0 

69.4 

96.0 

142.4 

1414 

1440 

141.4 

1413 

144.5 

33 

33 

3,1 

23 

2.7 

25 

€9 

65 

6.6 

66 

65 

6.4 

t 15 

12 

14 

12 

14 

12 


Fig. 4. Q-in'ical and L.abosatosy Data Iu.ustr.ating ErrEcr or Rigid 
Sodium Chloride Restrictiok ok Pressor Actiok or DC.A 



Laboratory data of 5 hypertensive patients — efect of rigid sodium chloride restriction on pressor action of IPCA 
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* I. Preliminary week — NaCl 4 grams added to diet. 

II. Ten-day period — DCA 10 mgm. daily, NaCI 4 to IS grams added to diet. 
III. Ten-day period — DCA 10 mgm. daily, rigid NaCl restriction, 
t Mean values for each period. 
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FLUID INTAKE 
(c.cO 


URINE VOLUME 
(c.c.') 


3000 

2500 

2000 

1500 

1000 

500 


500- 

1000 - 

1500- 

2000 - 

2500- 

30001- 


URINE CHLORIDES 
m,eq/24hrs.as NaCI 



SODIUM INTAKE m.eq/24 hrs. - — 
URINE SODIUM m.eq/24 hrs. Eli 

SERUM COg CONTENT m.eq/1. 25.7 


-- ■ 13*1 V 25' 

I 77.6 |l5.43 I lOa.elT 

I \ \ i 

24.7 24.3 27.1 Z&J 


I 231.9 I 98.T1 

i 1 i 


SERUM CHLORIDES m.eq./liter 

1056 

I07jO 

101.4 

1052 

1025 

1025 

994 

1046 

SERUM SODIUM raeq/liter 

1413 

1432 

1366 

1362 

1355 

1362 

1395 

1425 

SERUM POTASSIUM m.eq//rter 

44 

48 

41 

48 

40 

37 

29 

44 

SERUM PROTEIN Gms./ioocc. 

6S 

63 

69 

66 

63 

69 

68 

67 

SERUM UREA NITROGEN mgsy 13 

/lOOCC. 

14 

11 

10 

12 

Q 

8 

7 


Fig. 5. Cuntc.^l .^nd L.mioratorv D.^t.a Iu.ustr.atinc Effect of Rigid Sodium 
Chloride Restrictiok ok Pressor Actiok of DCA 
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5. The relationship of sodium chloride and des- 
oxycorticosterone acetate to hypertensive vascular 
disease is consistent with the view that some prod- 
uct of the adrenal cortex may play a part in the 
mechanism of this disorder. 
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INTRODUCTION 

It has often been assumed that moderate de- 
grees of hypoxia render the capillaries abnormally 
permeable to fluid and protein. During the course 
of work concerned with methods of insuring pilot 
survival at altitudes above 45,000 ft., it became 
desirable to know the degree and duration of 
anoxic anoxia that could be tolerated before per- 
meability changes of the capillary bed occurred. 
The studies of Landis (1) have demonstrated 
that complete ischemic anoxia of 3 minutes’ dura- 
tion will cause temporary damage to the capil- 
laries of the frog’s mesentery and result in ab- 
normal permeability to fluid and protein. Pochin 
(2) working with the rabbit’s ear has found that 
complete occlusion of the circulation for 2 hours 
w’ill lead to demonstrable edema following re- 
establishment of the circulation. He also showed 
that 16 to 18 hours of occlusion resulted in edema 
fluid containing approximately 5 grams per cent 
of protein. (Jalvin (3) has found that during the 
terminal stages of fatal asphyxia there is evidence 
of a marked loss of protein and of the protein- 
attached dye T 1824 from the capillary bed. 

These experiments involved verj' intense anoxia 
and on turning to work done under less severe 
conditions the results are seen to be less conclu- 
sive. Thus Calvin (3) and also Hopps and 
Lewis (4) found no change in the rate of filtra- 
tion of plasma protein and of the dye T 1824 in 
the course of severe but non-fatal anoxia. On 
the other hand Ivlaurer (5) and Warren and 
Drinker (6) have shown that, in the dog, the 
flow of cervical and lung IjTnph increases during 
severe but non-fatal anoxic anoxia. However 

^ Tliis work was supported in part by the .A.-W Aero 
Medical Laboratory, iMr ifatcrici Command, Wvicht 
Field. 


the percentage of protein in this lymph decreases 
with the increased flow and the results do not 
unequivocally demonstrate an increase in capillary 
permeability as a result of the acute anoxia. Ob- 
servations concerning the influence of anoxia have 
been made in humans. McMichael and Morris 
(7) have used nitrogen-oxygen gas mixtures of 
an oxygen percentage (9.5 per cent) that would 
induce approximately 65 per cent arterial hemo- 
globin saturation. They found no increase in the 
rate of swelling of the congested arm. Their 
results suggested that the permeability of the arm 
capillaries to fluid is unchanged by anoxia. 
However, the technique employed did not give 
them any information on the concentration of the 
protein in the filtrate and their report is in ab- 
stract form only. Another study is that by Stead 
and Warren (8) who have estimated the protein 
content of the edema fluid in 2 emphysematous 
patients whose arterial oxygen saturation was 50 
to 60 per cent. They found no significant change 
from the normal figure of 0.25 gram per cent or 
less and concluded that this degree of chronic 
anoxia had not increased the permeability' of the 
capillaries of the limbs. In an earlier report (9) 
the authors found no significant change in fluid 
or protein loss from the capillaries of the forearm 
when under the influence of acute anoxia.” The 
following paper confirms these results and ex- 
tends them to an estimation of the approximate 
oxygen tension at which a significant increase in 
protein filtration from the capillary bed occurs. 


- A systetnatic error whidi docs not however inrali-Iatc 
the conclusions drawn has been detected in the calcula- 
tion of the protein data presented in this report to the 
CAM of the OSRD and suntmarized in the Fed. Proc., 
1946, 5, 44. The corrected fl.cvrcs for the calculated 
protein in the filtrate arc 1.5 prams ~ 1.5 prams per cent 
when anoxic and 12 grams pram per cent w'r.en at 

sea level. 
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METHOD OF APPROACH 

The best measure of the permeability of the 
capillary wall would be a direct determination of 
the concentration of protein in the capillary fil- 
trate (10). A significant increase in this con- 
centration over the normal near zero (0.2 to 0.3 
gram per cent) values found in the limb may be 
regarded as evidence of a change in the per- 
meability of the wall (1, 8). Failing a direct 
determination an estimate of this measure was 
made by Landis et al (11) in their experiments, 
using various degrees of venous congestion sup- 
plied by the blood pressure cuff. The congestion 
cuff causes a marked slowing of blood flow with- 
out stopping it when the venous pressure imposed 
by it (60 or 80 mm. Hg) is less than the arterial 
blood pressure. The increased filtration pressure 
of the slowly flowing blood results in a loss of 
fluid into the tissues. Comparison of the hemato- 
crit values shown by the blood in the median 
antecubital vein of the congested arm with that 
in the uncongested control arm permits an esti- 
mation -of the fluid loss in ml. per 100 ml. of the 
blood flowing through the congested arm. These 
investigators have devised a formula by which 
they can calculate the percentage of protein in the 
capillary filtrate from observations on the relative 
changes in hematocrit values and plasma protein 
levels in the blood from the control and congested 
arms. In such studies on the human arm, they 
have observed a calculated protein in the capil- 
lary filtrate at a congestion pressure of 80 mm. 
Hg of approximately 1.5 grams per cent. This 
procedure produces the double effect of an in- 
crease of the hydrostatic pressure in the capil- 
laries and an ischemic anoxia due to slowing of 
the blood flow through the vessels. It has been 
pointed out (11) that if it were possible to be 
sure that the high pressure in the congested capil- 
lary bed was not directly responsible for this ab- 
normally high content of protein in the filtrate, 
then the experiment would provide evidence of 
the effect of ischemic anoxia on capillary per- 
meability. Kunkel, Stead and Weiss (12), and 
more recently Allen et al (13) have shown that 
adrenalin injections will lead to a marked in- 
crease in the amount of blood flowing through a 
limb. If this increase in blood flow is enough to 
effectively eliminate the ischemic anoxia resulting 


from a congestive cuff then it should be possible 
to eliminate the protein loss in a congested arm 
by increasing the blood flow through it by the 
use of adrenalin. If the protein loss is eliminated 
in spite of the use of cuff pressures of 80 mm. Hg 
then it can be assumed that such pressures have 
little effect on the permeability of the blood ves- 
sels. Another method of dissociating the effects 
of pressure from those of anoxia would be to de- 
crease the venous oxygen tension while keeping 
the capillary pressure constant. This could be 
accomplished by exposing the subject to a low- 
ered alveolar o.xygen tension at a cuff pressure at 
which the protein in the filtrate was at the upper 
limit of the normal values. Reduction of the 
arterial oxygen saturation to 60 to 70 per cent 
would cause a considerable fall in the mean capil- 
lary oxygen tension. This fall should increase 
the protein in the capillary filtrate if permeability 
is significantly affected by changes in oxj^gen ten- 
sion. Since the oxygen tension is lowest at the 
venous end of the capillary, the oxygen content 
of the venous blood should be a measure of the 
oxygen tension in that part of the capillary bed 
which is exposed to the most severe anoxia. If 
the content of protein in the filtrate is a measure 
of the permeability of the capillary wall and if this 
permeability is affected by the oxgen tension, 
then it should be possible to demonstrate a corre- 
lation between the oxygen content of the venous 
blood from the congested arm and the concentra- 
tion of protein in the capillary filtrate. 

METHODS 

The subjects employed were chosen for their familiarity 
with experimental procedures and the majority of the 
tests were performed on only 3 persons. These were 
in good health and of an active habitus. The 2 sub- 
jects employed for the altitude studies showed no gross 
vasomotor disturbances with acute anoxic anoxia. There 
was no significant change in blood pressure, pulse or 
respiration rate with reduction of the arterial oxygen 
saturation to values of the order of 60 per cent for pe- 
riods of 30 minutes. It was hoped that by employing re- 
peated tests on a few well-trained subjects it would be 
possible to decrease the inherent differences between vari- 
ous subjects and the variations due to fluctuations of sub- 
ject response. 

Adrenalin hypertension was obtained by the intra- 
muscular administration to the recumbent subjects of 
6/10 ml. of 1/500 adrenalin in peanut oil followed in 15 
minutes by 1/10 ml. doses of 1/1000 adrenalin subcutane- 
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ously in sufficient number to maintain the blood pressure 
20 to 40 mm. Hg above the normal resting level for the 
subject. In the subjects employed this meant that the 
systolic blood pressure was maintained at 140 to 160 mm. 
Hg for the 30 minutes of 80 mm. Hg cuff application. 

During the altitude tests each subject rested for 30 
minutes before putting on the cuff at 60 mm. Hg for 30 
minutes. The temperature of the chamber in which the 
tests were conducted was uniform. However, no readings 
of skin temperature were made and it is thought that 
some of the variations in the results noted may have been 
due to minor changes in the condition of the skin and 
deep circulation from day to day as the tests progressed. 
The same arm was always used for congestion in order 
to decrease experimental variations. 

Bloods were collected with 0.1 ml. of liquid heparin 
in 10-ml. syringes and immediately set up in duplicate 
in Wintrobe hematocrit tubes. Duplicate hemoglobins 
were estimated using the acid hematin technique. R.B.C. 
volume was obtained by correcting the hematocrit read- 
ings by a factor of 8.5 per cent for fluid trapped between 
the cells (14). Plasma protein concentrations were de- 
termined in duplicate using the falling drop technique. 
Venous oxygen content and saturations together with 
venous carbon dioxide contents were determined in du- 
plicate by Van Slyke blood gas analysis in a number of 
the tests using 60 mm. Hg congestion and anoxia and 
in all those using 80 mm. Hg congestion with adrenalin 
hypertension. 

Anoxia involving 55 to 65 per cent saturation of the 
arterial blood was obtained by ascent in a decompression 
chamber to a simulated altitude of 19,000 to 20,000 ft 
The subjects were relaxed and dozed in a recumbent 
posture on a couch. Respiratory rate, blood pressure and 
pulse were checked every 5 minutes and the oxygen 
saturation followed throughout by a Millikan compensated 
oximeter. Contamination of the altitude chamber at- 
mosphere by oxygen was avoided by using an oxygen 
mask with an exhalation valve which was connected to 
a tube venting directly into the chamber exhaust. The 
oxygen saturation, rarely higher than 65 per cent, was 
maintained at 60 per cent and frequently fell to 55 per 
cent. 

Calculations 

The equations used to determine the per cent protein in 
the filtrate were those developed by Landis ct at (10). 
As they have pointed out (10, 11) these equations be- 
come less accurate with lower degrees of fluid and pro- 
tein loss. In order to assess the variability introduced 
by these calculations of protein in the filtrate, the stand- 
ard errors of the hematocrit and protein readings were 
determined. These were found by making repeated 
measurements of the same sample. They were 0.2 
per cent for the hematocrits and 4; 0.06 gram per cent 
for the plasma proteins. These values were inserted into 
the equations and the maximum positive and negative 
deviations were calculated for each set of cxiperimental 
data. In 1-igurc 1 such ralues obtained for each experi- 


ment have been plotted against the product of the hemat- 
ocrit and protein differences, yielding a parameter which 
indicates in part at least the variability to be anticipated 
in the protein in the filtrate. If the product (Ht; — Ht,) 
(Pr^ — Pri) is small, a condition which would be associ- 
ated either with a low fluid loss and usually small protein 
leakage or both, then the variability is great High values 
show an increased accuracj'. Inspection of Figure 1 
also reveals a negative bias which is largest at the lowest 
values of protein change and fluid loss. 

In a considerable proportion of the experiments the 
calculations jdeld negative values for protein concentra- 
tion in the filtrate. Such negative values might result 
from a failure to take account of unrecognised physio- 
logical variables. Alternatively, in view of the large 
random error and more especially of the negative bias 
introduced by the equation, the values obtained could 
be the result of the mathematical skewing of the formula 
with consequent negative bias noted above. 

RESULTS 

1. Adrenalin hypertension. In Table I are pre- 
sented the results of 8 cuff experiments on 3 


T.\BLE I 

Fluid loss and per cent protein in filtrate with 80 mm. Hg 
congestion (controls) 


Subject 

Hem- 

atocrit 

Fluid 

loss 

(hem- 

atocrit) 

Fluid 

loss 

(hemo- 

globin) 

Pro- 

tein 

Protein 

ia 

; filtrate 

1 

1 Satura- 
tion of 

1 venous 

1 blood 



ml. per 

100 rr.l. 

grants 

prr 

cent 

5c 

43.4 

5.6 

3.9 

6.55 

-M.5 



45.8 



7.10 



5d 

41.9 

10.9 

8.6 

6.19 

-kl.O 

21.6 


46.9 



1 7.37 



5e 

40.7 

11.7 

10.7 

5.76 

-fl.O 

21.3 


46.1 



6.93 



7q 

1 

41.3 

12.6 

18.2 

6.76 

-f3.0 

18.9 

47.2 



7.79 ! 

1 



7r 

42.8 

18.9 

19.1 

6.11 

-f-0.5 

19.1 


52.7 



S.SS 



7s 

43.0 

18.3 

17.5 

5.90 

-fO.l 

15.6 


52.6 


1 

8.66 

! 


6j 

39.5 

9.4 

6.6 

5.97 

-1.1 

18.2 ■ 

43.5 



7.27 



6k 

39.6 

20.1 

17.0 

6.14 

-f-2.S 

16.9 


49.6 



7.82 



61 

41.0 

13.2 

13.9 

5.80 

-1.6 

! 12.1 


i 47.2 



j 7.92 



.Average 
Siand.-ird devia- 
tion of mean 

i .'fi 

12.8 
= 1.S 

} 

! 

( 

t 

: -fO.S 
' =0.3 

i 18.0 
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subjects using a cuff at 80 mm. Hg for 30 min- 
utes. There is fair agreement between the mean 
values for the. fluid loss as calculated from the 
changes in the hematocrit, 13.4 ±1.7 ml. per 
100 ml., and those calculated from the hemo- 
globin values, i.e., 12.8 ±1.8 ml. per 100 ml. 
This suggests that no significant changes in cell 
volume occur as a result of the stasis induced 
by the cuff experiment, for such changes would 
affect only the hematocrit values (10). The 
marked individual variations from experiment to 
experiment may be in part attributed to changes 
in rate of forearm blood flow due to differences 
in temperature, activity and other variables. At- 
tempts to obtain more reliable figures by using an 
indwelling needle in the radial artery (15) as a 
source of the control blood led to no improve- 
ment. However, it is of interest that in their 
original series of 5 experiments using 80 mm. Hg 
cuff pressure, Landis, et al obtained a mean fluid 
loss figure of 15.0 ml. per 100 ml. This com- 
pares favorably with the above values. 

In Table II are seen the data obtained from 


TABLE II 

Fluii less and per cent protein in filtrate with 80 mm. Hg 
congestion (adrenalin hypertension) 


Subject 

Hem- 

atocrit 

Fluid 

loss 

(hem- 

atocrit) 

Fluid 

loss 

(hemo- 

globin) 

Pro- 

tein 

Protein 

in 

j fiitrate ! 

Satura- 
tion of 
venous 
blood 



ml. per 

JOO ml. 

grams 

1 per cent 

5f 

40.1 

42.1 

4.9 

3.9 

1 

5.42 
, 6.17 

1 -3.0 

24.3 

5g 

( 40.0 
44.0 

9.2 

10.4 

5.97 

7.07 

-0.1 

27.8 

7t 

44.2 

47.4 

I 6.8 

i 

4.8 

6.17 

7.24 

-1.5 

42.3 

7u 

44.2 

48.3 

8.5 

7.0 

6.35 

7.58 

-0.5 

35.4 

7v ' 

44.8 
46.5 ' 

3.6 

4.9 

1 

6.52 

7.03 

-0.8 

i 

51.9 

6m 

42.8 

45.2 

5.1 

5.2 

i 

6.48 

7.03 

-fO.9 

19.5 

6n 

43.5 

47.2 

8.1 

7.9 

6.93 

8.23 

-0.8 

14.3 

6o 

42.5 

46.2 

7.9 

8.9 i 

5.93 

7.27 

-2.5 

28.4 

Average 
Standard devia' 
tion of mean 

6.0 

±0.6 

6.6 

:fc0.8 

1 

1 

1 

i 

-1.0 

±0.3 

i 

30.5 


the same number of experiments on the same 3 
subjects perfonned in the same way except that 
a hypertension of 140 to 160 mm. Hg was main- 
tained throughout the 34"hour period of cuff ap- 
plication. The fluid loss figures show good con- 
cordance between the hemoglobin and hematocrit 
values. The values of 6.0 ± 0.6 and 6.6 ± 0.8 

ml. per 100 ml., respectively, are almost exactly 
1/4 those obtained for the normal controls. This 
is interesting in view of the observation by Allen 
etal (13) that adrenalin administration can double 
blood flow through the uncongested arm. For if 
the blood flow rate were doubled and other fac- 
tors such as tissue pressure remained relatively 
unchanged then the fluid loss per 100 ml. blood 
should be decreased in the same proportion. 

It might be expected that the A-V O, differ- 
ence would be greatly decreased if such a change 
in flow rate had occurred. In practice the mean 
venous oxygen saturation rose from 18.0 per cent 
to 30.5 per cent. It is of interest that numbness, 
tingling and eventual loss of sensation to light 
touch developed in the congested arms in the 
controls. Such symptoms never occurred at 80 

mm. Hg cuff pressure in the cases with adrenalin 
hypertension. This suggests that the blood flow 
under these conditions is adequate to maintain 
normal metabolism but that the reduced flow in 
the absence of hypertension is insufficient to do 
so. It may be noted that Griffith, et al (16) point 
out that it is probable that adrenalin has no 
significant effect on tissue oxygen utilization. 
Therefore the rise in oxygen saturation following 
its use is probably not due to a decrease in tissue 
metabolism. 

The change in the average protein percentage 
in the filtrate from + 0.8 ±0.5 gram per cent to 
a mean value of — 1.0 ± 0.3 grams per cent as a 
result of the use of adrenalin is significant. It is 
not probable that the percentage of protein in the 
filtrate would change with changes in the rate of 
flow of the plasma past the filtering area. It 
would seem likely that the increase in mean venous 
oxygen saturation has had some part to play in 
the decrease in protein in the filtrate. The nega- 
tive mean value for the protein figures can be 
explained by the bias of the expression for protein 
in the filtrate to negative values by the random 
errors of sampling and estimation. As has been 
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Fig. 1. Deviation in Grams Per Cent Protein of the Protein in 
THE Filtrate Estimations Plotted against the Product of the 
Changes in the Hematocrit (Ht: — Htj) and the Protein Values 
(Pr,-Pe,) 


pointed out under calculations (Figure 1) this 
error is greater in the case of the adrenalin ex- 
periments in which the fluid loss is small than in 
those where these changes are larger, as in the 
control experiments. It is not certain, however, 
whether there may not also be some undeter- 
mined variable which may account in part for the 
high negative values found in the adrenalin e.x- 
periments. 

The object of the adrenalin tests was to de- 
crease the ischemic anoxia while keeping the 
capiltarj’ pressure constant. Since the protein in 
the filtrate decreased under these drctimstances 


the possibility' that the high intracapillary' pres- 
sure was responsible for the increased filtration ol 
protein in the 80 mm. Hg cuff without adrenalin 
can be considered small. This leaves ischemic 
anoxia as the most probable factor responsible 
for the permeability' changes. 

2. Anoxia. In Tables III and IV are pre- 
sented a series of 23 control, sea ler'el, 60 mm. 
Hg cuffs on 7 subjects, and 12 altitude c.xperi- 
ments using 2 subjects. The mean sea level fluid 
loss of 7.6 ml. per 100 ml. ±; 0.5 ml., as calcu- 
lated from the hematocrit \'alues, was again dose 
enough to that calculated from the hemoglobins 
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TABLE III 


Fblid loss and per cent protein in filtrate with 60 mm. Hg 
congestion (controls) 


Subject 

Hem- 

atocrit 

Fluid 

loss 

(hem- 

atocrit) 

Fluid 

loss 

(hemo- 

globin) 

Protein 

Protein 

in 

filtrate 

Satura- 
tion of 
venous 
[ blood 



ml. per 100 ml. 

grams 

per cent 

la 

40.4/43.2 

5.9 

8.5 

7.05/8.10 

-2.5 


lb 

41.4/43.8 

4.5 

5.1 

7.30/8.03 

-1.5 


Ic 

40.7/42.5 

4.3 

1.5 

6.88/7.23 

-I-2.5 


2a 

38.6/42.4 

9.1 

6.7 

6.94/8.10 

+0.3 


2b 

39.3/43.0 

8.7 

7.4 

6.68/7.75 

+0.3 


3a 

38.3/41.2 

7.1 

4.0 

6.50/7.03 

+2.4 


3b 

41.7/43.4 

3.6 

3.0 

6.90/7.30 

+0.8 


4a 

43.0/45.7 

5.8 


6.46/7.28 

-0.7 


5a 

42.8/45.9 

6.8 

2.0 

6.04/6.79 

+0.5 

28.7 

5b 

41.0/43.0 

4.7 

6.3 

5.52/6.11 

-1.3 

t 33.5 

6a 

41. 5/47. Ij 

12.0 

12.1 

6.48/7.31 

+3.3 

13.3 • 

6b 

40.9/43.6 

6.1 

9.6 

6.17/6.86 

+0.2 

17.2 

6c 

41.2/45.71 

10.0 

9.4 

6.04/6.83 

+2.2 

23.0 

7a 

42.5/46.7: 

8.8 

13.9 

t.np.is 

+0.6 


7b 

42.1/47.0 

10.5 

12.4 

6.53/7.75 

+ 1.0 


7c 

44.2/48.2 

8.4 

3.1 

6.45/7.61 

-0.1 


7d 

46.2/49.8 

7.3 


6.14/7.34 

-1.5 


7e 

46.0/48.6 

5.3 

5.1 

7.00/7.51 

+2.3 


7f 

41.5/44.7 

7.4 

6.9 

6.07/7.03 

-0.6 



42.4/47.1 

10.1 

20.3 

6.55/7.65 

+ 1.4 


7h 

41.4/46.3 

10.7 

12.6 

5.83/7.44 

-1.4 

25.7 

7i 

42.5/47.1 

9.7 

13.2 

5.52/6.79 


43.1 

6d 

39.5/42.6 

7.3 

9.9 

6.14/6.72 



Average 

7.6 

8.2 


+0.4 


Standard devia- 

±0.5 

±1.1 


±0.3 

26.4 

tion of mean 







of 8.2 ml. per 100 ml. ±1.1 ml. to suggest that 
there is no significant change in red cell volume 
during the stasis induced by the cuff. 

The mean venous oxygen saturation during the 
altitude experiments was 26.4 per cent. The arte- 
rial oxygen saturation was maintained at 55 to 65 
per cent throughout the period of cuff applica- 
tion. The oxygen tension along the entire capil- 
lary was therefore much less than its normal 
value. On the other hand, in the subjects em- 
ployed, repeated checks of systolic blood pressure 
during the course of the cuff application at alti- 
tude showed no significant change. The absence 
of a significant change in the mean fluid loss when 
using anoxia (7.9 ml. per 100 ml. at sea level 
and 6.3 ml. per 100 ml. at altitude) contrasts 
with the marked change found in the experi- 
ments with adrenalin. It suggests that the pres- 
sure in the capillaries and the rate of blood flow 
through the forearm were not significantly af- 
fected during these latter tests. The changes 
found in the percentage of protein in the filtrate 
can therefore be attributed to the reduction in 


ox}'gen tension of the blood in the vessels. The 
difference between the mean value of 1.2 ±0.4 
grams per cent obtained during the tests at alti- 
tude when contrasted with that of 0.4 ± 0.3 
gram per cent for the controls, represents a defi- 
nite increase in protein in the filtrate as a result 
of the change in venous oxygen saturation from 
the mean of 26.4 per cent at sea level to 11.4 per 
cent at altitude. 

In Table V the evidence obtained from the 
2 sets of experiments is summarized. When the 
data from the altitude work are considered in 
conjunction with the evidence obtained in the ad- 
renalin studies a picture is obtained which sug- 
gests that anoxia has some effect upon capillary 

TABLE IV 


Fluid loss and per cent protein in filtrate with 60 mm. Hg 
congestion (arterial saturation 55 to 65 per cent) 


Subject 

Hem- 

atocrit 

Fluid 

loss 

(hem- 

atocrit) 

Fluid 

loss 

(hemo- 

globin) 

Pro- 

tein 

Protein 

in 

filtrate 

Satura- 
tion of 
venous 
blood 

7j 

47.2 

49.4 

ml. per 

5.6 

100 ml. 

5.6 

Srams 

6.83 

7.41 

per 

+ 1.9 

cent 

7k 

48.8 

51.7 

5.7 

6.3 

6.96 

7.75 

+0.7 


71 

44.2 

48.6 

9.2 

6.4 

6.79 

8.06 

+0.4 


7m 

43.6 

47.6 

8.3 

11.0 

7.34 

8.30 

+ 1.8 


7n 

43.8 

46.8 

6.5 

8.1 

6.21 

6.72 

+2.3 

11.7 

7o 

45.7 

48.7 

6.0 

3.2 

6.04 

6.52 

+2.2 

13.0 

6e 

41.4 

44.5 

7.0 

3.9 

6.41 

7.48 

-1.5 


6f 

38.6 

41.9 

j 

7.9 

i 

5.4 

6.07 

6.55 

+2.8 


6g 

42.8 

47.5 

9.6 

9.7 

5.80 

6.89 

+0.4 

11.0 

6h 

42.7 

47.4 

9.9 

8.2 

6.04 

7.10 

+ 1.2 

8.9 

7p 

44.9 

45.8 

2.0 

0.6 

7.00 

7.13 

+3.6 

14.8 

6i 

41.5 

42.5 

2.4 

0.8 

5.48 

5.76 

-1.0 

9.2 

Average 
Standard devia- 
tion of mean 

6.7 

±0.7 

5.8 

±1.0 

1 

+ 1.2 
±0.4 

11.4 
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TABLE V 


Summary of changes obtained in fluid loss and per cent protein in the fltlrale vihen anoxia is added to a 60 mm. Hg 
congestion and adrenalin hypertension to an 80 mm. Hg congestion experiment 



Values based on changes in 

Values based on changes in 


Hematocrits 

Hemoglobins 

Hematocrits 

Hemoglobins 

Mean fluid loss 
Standard deviation 
Mean protein in filtrate 
Standard deviation 
Mean venous 0* 
saturation 

60 tnm, Sg controls {Z3 cxpls.) 

7.6 ml. per 100 ml. I 8.2 ml. per 100 ml. 

[ dtO.S ml. 1 ±1.1 ml. 

+0.4 gram per cent 
±0.3 gram per cent 

26.4 per cent 

60 mm, Hg vritk anoxia (,tZ expis.) 

6.7 ml. per 100 ml. 1 5.8 ml. per 100 ml. 
±0,7 ml. 1 ±1.0 ml. 

+ 1.2 gram per cent 
±0.4 gram per cent 

11.4 per cent 

1 

Mean fluid loss 
Standard deviation 
Mean protein in filtrate 
Standard deviation 
Mean v'enous 0; 
saturation 

SO mm. Bg control (S> expts.) 

13.4 ml. per 100 ml, 1 12.8 ml. per 100 ml. 
±1.7 ml. I ±1.8 ml. 

+0.8 gram per cent 
±0.5 gram per cent 

18.0 per cent 

SO mm, Hg zsith adrenalin (P expts.) 

6.0 ml. per 100 ml. | 6.6 ml. per 100 ml. 
±0.6 ml. 1 ±0.8 ml. 

— 1,0 gram per cent 
±0.3 gram per cent 
, 30.5 per cent 



Fig. 2. Per Cent Ppotein in the Filte.\7E Plotted .ig.mnst Per Cent 
Oxygen S.\tl'e.\tzon of the Venoe's B!X>:>r> 
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permeability in the forearm when the oxygen sat- 
uration falls below the general value of 25 per 
cent.® 

In Figure 2 the values for protein in the fil- 
trate are plotted against those for oxygen satura- 
tion in the venous blood. Inspection reveals a 
definite upward trend of these protein values at 
oxygen saturations of less than 25 per cent. 
Curve A, Figure 2, was obtained by adding to 
each determination of protein in the filtrate the 
positive deviations as calculated for Figure 1 and 
plotting the resulting points. Curve B was 
plotted in a similar manner using the negative 
deviations. They have no quantitative significance 
but represent an attempt to indicate qualitatively 
the skewing and relative accuracy of the data over 
the range of venous oxygen saturations consid- 
ered. The convergence of these curves towards 
the higher values of protein in the filtrate is an 
expression of the lower random error at the 
higher values for protein and fluid loss. The 
marked negative bias of the error especially in 
the determinations with higher values of oxygen 
saturation probably accounts in large measure for 
those negative values observed . The essential 
feature portrayed is the increase in the protein 
in the filtrate with oxygen saturation values of 
less than 20 to 30 per cent. This is clearly shown 
on inspection of the data and can be confirmed 
by the above mathematical considerations. 

DISCUSSION 

The foregoing results suggest that it is neces- 
sary for the oxygen tension in the capillary bed 
of the human arm to drop to values below 15 to 
25 mm. Hg corresponding to an oxygen satura- 
tion of 15 to 25 per cent, or an oxygen content 
of 4 to 6 vols. per cent in those with a normal 
hemoglobin content, before any significant changes 
in permeability to protein can be expected. How- 
ever, if the oxygen tension falls below this value, 
there is good evidence that the anoxia is then of 

3 Although venous oxygen determinations were not 
made for all of the 60 mm. cuff experiments (7 of 23 
controls and 6 of 12 altitude experiments) the arterial 
oxygen saturation was reduced by the same amount in 
all cases. It is therefore assumed that the average venous 
oxygen saturation of those samples in which this meas- 
urement was not made would have been of the same order 
as the determined ^•alues. 


sufficient severity to increase capillary permeabil- 
ity even when it is of short duration. It is of 
interest that even during decompensation the 
oxygen content in blood from the antecubital vein 
of cardiac patients only rarely falls to such values 
(17). Nor are such values met in pneumonia 
except in moribund cases (18). In the cases of 
emphysema with cardiac failure described by 
Stead and Warren (8), in which there was no 
increase in protein in the edema fluid in spite of 
an arterial saturation of 50 to 60 per cent, the 
venous oxygen content was not recorded. It is 
possible that despite the severe anoxic anoxia the 
venous O, saturation was not below the critical 
level of 15 to 25 per cent. One reason for mak- 
ing this assumption is the fact that such patients 
often have polycythemia and their blood can 
therefore yield more oxygen before reaching any 
particular degree of desaturation than can the 
blood of those with a normal hemoglobin content. 

In severe anemia the reverse of the above- 
mentioned condition occurs and subjects with 
hemoglobin concentration values of 20 per cent 
or less show very low venous oxygen saturation 
values of the order of 20 per cent (19). Strauss 
and Fox (20) have pointed out that the tendency 
to water retention on administration of sodium 
salts to those with severe anemia was not due to 
a low plasma protein level or to an increased 
venous pressure. Although endocrine factors 
(21) and the effect of changes in renal blood 
flow (22) must first be considered in assessing 
the cause of this water retention, it is possible 
that a part of the edema sometimes noted in severe 
anemia may be due to increased capillary per- 
meability as a result of anemic anoxia. It is of 
interest in this connection to note the incidence of 
edema in cases of erythroblastosis joetalis occur- 
ring in titero (23). For in such cases in addition 
to the severe anemic anoxia present as a result 
of red cell destruction there is a considerable 
anoxic anoxia as a consequence of the incomplete 
oxygenation of the fetal blood by the placenta. 

Aub and Cunningham (24) have shown that 
in irreversible traumatic shock the venous oxygen 
content may fall as low as 3 to 4 vols. per cent, 
representing saturations of the order of 15 to 20 
per cent.' It is possible that in this condition 
the venous oxygen tension may be low enough to 
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result in a generalized increase in capillary per- 
meability. This conclusion would fit with the 
observations of Fine and Seligman' (25, 26). 
They have noted that following saline therapy in 
hemorrhagic shock, plasma proteins are carried 
out of the blood stream with the saline and that 
this occurs to a greater extent in irreversible 
than in reversible shock. These authors state 
their impression that “in irreversible shock the 
integrity of the capillaries as measured by the 
passage of radioactive protein may be impaired,” 
Even in their more severe cases the venous oxy- 
gen saturation rarely fell as low as 5 vols. per 
cent and it would seem probable that only in the 
terminal phases of shock does the capillary oxy- 
gen content fall to values of 3 to 4 vols. per cent; 
that is, to levels where definite evidence of an 
increase in capillary permeability can be antici- 
pated. 

In their studies of the effects of anoxia on 
lymph production Maurer (5), working with the 
cervical lymph of dogs, and Warren and Drinker 
(6) , with that from the lungs, both demonstrated 
a marked increase in lymph flow when the oxy- 
gen content in the inspired air was reduced to 
values of 10 per cent or less. Although they 
did not make direct estimations of venous oxygen 
tensions it is possible to interpolate figures from 
the data supplied by Davies (27) concerning the 
mean venous oxygen tension during varying de- 
grees of anoxic anoxia. His data suggest that 
the oxygen saturation of the mixed venous blood 
in the lungs in their studies was probably not 
less than 35 per cent except in the cases -where 
the oxygen percentage in the inspired air was 
considerably less than 10 per cent. Adrenalin 
secretion may be stimulated by anoxic anoxia of 
this degree and there is increased lymph produc- 
tion from the cervical ] 3 nnphatics following the 
use of adrenalin (28). Although there %Yas an 
increase in the total amount of l}’mph protein 
produced by their dogs, there was a decrease in 
the concentration of protein in the Ijmph col- 
lected during the anoxic episodes. This decrease 
is unexpected if the cause of the increased hmph 
flow is an increase in permeabilitj- of the capil- 
larj' u-all. If, however, the increased Ijmph 
production is due in large measure to changes 
in the blood flow through the capillarj' bed, then 


the fall in lymph protein concentration can be 
more readily explained. In those cases where 
the oxygen content in the inspired air -was less 
than 10 per cent and in which the arterial oxj'- 
gen saturation fell to less than 50 per cent, it is 
probable that the oxygen saturation of the mixed 
venous blood -was within the critical range of 15 
to 25 per cent necessary for the development of 
an increased capillary permeabilit)’-. If our fig- 
ures, determined from studies using the human 
forearm, also apply to the pulmonary capillary 
network, it is probable that in these cases anoxia 
played a direct part in the increased lymph flow.- 
Pocbin (2) was led to his stud}' of the relation 
of gross ischemia to edema formation by his 
observation of edema in a human limb, to which 
the circulation had been obstructed for 10 hours. 
It is possible to develop far higher grades of re- 
coverable anoxia in isolated parts of the body 
such as a limb, ear, or finger, than in the entire 
organism which includes regions of very great 
sensitivity to anoxia such as the brain. Conse- 
quently, it is to be anticipated that evidence of 
edema formation as a result of anoxia of the capil- 
lary wails would be found in cases -where the 
arterial blood supply to a region was grossly 
impaired. De Takats (29) has observed the fre- 
quent occurrence of edema in conditions such as 
traumatic angiospasm, acute peripheral tropho- 
neurosis and even in Buerger's disease. He em- 
phasizes that this edema will vanish after sympa- 
thectomy or sympathetic paralysis. These pro- 
cedures do not necessarily relieve any venous 
obstruction that may be present in such cases. 
This points to a relief of the anoxia of the capil- 
lary- wall, resulting from the improved blood floiv, 
as the probable cause of the improvement of the 
edema. Homans (30) has recently confirmed this 
opinion that the edema so frequently obsen-ed in 
arterial spasm is due to anoxia of the capillaty 
wall. Oscimer and De Bakey (31) in a discus- 
sion of the mechanism of development of edema 
in thrombophlebitis, conclude that it is not sole!}- 
due to the increase in venous pressure as a result 
of the obstruction to the venous drainage from 
the part. They consider that reflex %-asospasm of 
the arteries is a most important factor and that 
as a result of the i-asospasm there is a relative 
ano.xia of the capillaty endothelium with an cn- 
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suing increase in permeability. If blocking the 
sympathetic pathways is effective in relieving 
arterial spasm, then the blood flow through the 
part increases, the oxygen saturation in the venous 
blood rises and at the same time the edema de- 
creases. It would be of interest to know the 
ox3^gen saturation of blood draining from the 
edematous regions before and after sympathetic 
paralysis in such cases. 

It is known that in the liver which largely 
depends on venous blood for nourishment, the 
oxygen tension in the blood in the hepatic veins 
may fall to very low levels. Thus Engel, Harri- 
son, and Long (32) and also McMichael (33) 
note hepatic venous oxygen saturations in the 
cat of 3 to 30 per cent during hemorrhage. 
These low values were often obtained before the 
blood pressure had fallen significantly below its 
initial level. Frank, Seligman, and Fine (34) 
have associated the susceptibility of the liver to 
damage in shock with this peculiarity of the blood 
supply. It would be of interest to know what 
part anoxia of the liver capillaries might play in 
their known high permeability to protein (10) 
and whether the effects of anoxia on capillary 
permeability to protein differ in the different re- 
gions of the body. Finally, it may be noted that 
this work has been carried out with acute anoxia 
lasting for 30 minutes only. It is not known 
whether prolonging the duration of the anoxia 
would significantly raise the critical level of oxy- 
gen tension at which capillary damage first oc- 
curs. However, the failure of Stead and Warren 
(8) to observe an increase in protein in the 
extracellular fluid in their subjects with chronic 
anoxia would suggest that this does not occur. 

The preceding observations indicate that anoxia 
commences to affect capillary permeability to the 
point of significant protein leakage at a very low 
oxygen tension. The result is that it usually re- 
quires a combination of one or more of the fac- 
tors, ischemia, anoxic anoxia, anemia, or a great 
increase in tissue oxygen consumption, to attain 
a sufficiently low level. It may be concluded that 
in states of uncomplicated mild anoxic anoxia 
there is no reason to anticipate changes in the 
capillary permeability of the limbs. On the other 
hand, in conditions such as fatal asph}ncia, irre- 
versible shock, and ischemia in which the venous 


oxygen saturation may fall below the critical level 
of 15 to 25 per cent a significant increase in per- 
meability probably occurs a few minutes after the 
commencement of such anoxia. 

SUMMARY 

1. A number of venous occlusion experiments 
of 30 minutes’ duration were performed with and 
without anoxic anoxia and with and without 
adrenalin hypertension. 

2. The calculated protein in the capillary fil- 
trate was not increased until the local anoxia was 
of such a degree that the oxygen saturation in the 
venous blood draining from the arm was 15 to 25 
per cent or less. 

3. The experiments with adrenalin hyperten- 
sion suggested that ischemic ano.xia and not the 
concomitant increase in capillary pressure is re- 
sponsible for the increased amount of protein 
found in the filtrate resulting from the use of an 
arm cuff at a pressure of 80 mm. Hg. 

4. In states of mild anoxia there is no reason 
to anticipate changes in the capillary permeability 
of the limbs. However, in asphyxia, irreversible 
shock, and in severe local ischemia or other states 
in which the venous oxygen saturation may fall 
below a critical level of 15 to 25 per cent, a 
significant increase in permeability to protein 
probably occurs a few minutes after the com- 
mencement of such anoxia. 
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The hepatic blood flow was first estimated in 
normal man by Bradley, Ingelfinger, Bradley and 
Curry (1). Before applying this bromsulphalein 
procedure to clinical problems, it seemed advisable 
not only to confirm their measurements but to esti- 
mate hepatic blood flow by a fundamentally differ- 
ent method. The urea method for hepatic blood 
flow, worked out in the dog by Lipscomb and 
Crandall (2), has been adapted to normal un- 
anesthetized human subjects. The hepatic venous- 
arterial oxygen difference, total oxygen consump- 
tion, and cardiac output have been measured in 
the same subjects. By multiplying the hepatic 
vein flow by the hepatic venous-arterial oxygen 
difference, one obtains an estimate of the splanch- 
nic oxygen consumption.^ The oxygen consump- 
tion and blood flow of the brain and kidney have 
been estimated by other investigators. Thus, the 
measurement of oxygen consumption and blood 
flow of the splanchnic area allows one to construct 
a fairly complete picture of the degree of oxygen 
utilization by and the blood flow through the most 
important areas of the body. 

Urea, among the various metabolites involving 
the liver, has several attributes which adapt it as a 
test substance for the estimation of liver blood 
flow. As far as is known, urea is produced in the 
human organism only by the liver (3, 4) and, 
once formed, is not converted to other compounds. 
Urea is very diffusible not only through the vari- 

1 This work was supported by a grant from the Life 
Insurance Medical Research Fund. 

2 The splanchnic area as used in this paper constitutes 
tlie liver plus the area drained by the portal vein. The 
splanchnic blood flow will be equal to the total hepatic 
blood flow, but the splanchnic oxygen consumption is 
greater than that of the liver because the oxygen con- 
sumption of all of the portal viscera is included. 


ous elements of the extracellular fluid but through 
cell membranes as well. Since the level of urea 
in arterial blood generally is constant over a pe- 
riod of several hours under conditions of fasting, 
urea must be lost from the body at the same rate 
as it is formed, and the total urinary excretion of 
urea under such conditions approximates hepatic 
production. 

The hepatic blood flow can be calculated, by the 
“Fick principle,” if one knows (c) the concentra- 
tion of urea in the blood entering the liver (he- 
patic arterial and portal venous bloods), (b) the 
concentration of urea in the blood leaving the liver 
(hepatic venous blood), and (c) the quantitative 
excretion of urea in the urine during the period 
when the hepatic blood flow is being measured. 
Item (c) makes the urea method unadapted to the 
hepatic blood flow over a short period of time; 
the flow obtained is really the mean liver blood 
flow for the period of collection of the urine. 

Samples of blood from the hepatic artery and 
portal vein cannot be obtained in man except by 
surgical means. Peripheral arterial blood has 
the same urea content as hepatic arterial blood. 
Bloods from the portal vein and femoral artery 
have been found to have identical urea contents in 
dogs (2), and it is reasonable to assume that this 
same circumstance holds for man. With this as- 
sumption, then, one can utilize the blood of the 
femoral or brachial artery in place of the true in- 
flow blood of the liver for the determination of 
urea concentration. Blood from the hepatic vein 
of man can be obtained directly by the process of 
venous catheterization as described by Warren and 
Brannon (5). 

METHODS 

Patients, with the one exception noted, had all fasted 6 
hours or longer prior to the test. The entire procedure 
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was performed in an air conditioned room and excessive 
urea loss by perspiration was avoided. The urine sample 
was collected in the standing position by having the pa- 
tient empty his bladder as completely as possible at the 
beginning and the end of the procedure. The time inter- 
val of collection of the urine averaged about 2 hours. 

Catheterization of the hepatic veins 

With the subject in the supine position on the fluoro- 
scopic table, the catheter was inserted into a superficial 
arm vein under local procaine anesthesia. It was passed 
under fluoroscopic control into the superior vena cava, 
through the right atrium and thence into the hepatic veins 
(1, 5). A continuous infusion of 0.9 per cent sodium 
chloride solution was maintained through the catheter. 
The subject received on the average 200 to 300 ml. of 
the solution during the entire procedure. In most in- 
stances, the catheter entered one of the right hepatic veins. 
It \vzs introduced so that its tip was located near the 
center of the right lobe of the liver as visualized by 
fluoroscopy in the frontal plane. If the catheter was 
placed farther out along the hepatic veins, it became more 
difficult to obtain blood samples because the single hole 
near the tip of the catheter would become occluded in- 
termittently against the wall of the vein. In the larger 
radicles of the hepatic veins this difficulty is encountered 
uncommonly. The blood sample is withdrawn gently and 
necessarily slowly due to the small caliber of the catheter. 
Under these circumstances, and because of the rapid flow 
of blood through the hepatic veins, reflux of blood from 
the inferior vena cava, or right atrium in those cases in 
which the hepatic veins open directly into that chamber, 
would appear unlikely if it can occur at all. 

Forty-milliliter samples of blood were collected in 
heparinized syringes from the hepatic vein and femoral 
arterj' either simultaneously or within 2 minutes of one 
another. After a 20- to 30-minute interval, second sam- 
ples of both hepatic venous and arterial blood were with- 
drawn. In most instances, a blood sample was taken from 
the hepatic vein for measurement of oxygen content. 
The catheter was then partially withdrawn and placed 
either in the right atrium or preferablj- in the right ven- 
tricle or pulmonary artery'. Arterial and mixed venous 
bloods were taken and a 2-minute sample of expired air 
collected in a Douglas bag to be used in determination of 
tlie cardiac outpuL 

An attempt was made in each patient to assay the 
amount of anxiety produced in response to the entire 
procedure. 

Determination of vrea in blood 

Because of the small difference in urea concentration 
between hepatic venous and femoral arterial blood, the 
determination of the levels of urea in the 2 bloods must 
be done with maximum accuracy. The method used 
iras a modification of the urease method of Van Slyke and 
Cullen (6), which utilizes 20 ml. of blood in each assay, 
so that relatively large amounts of urea are being meas- 


ured. Ten-milliliter, samples were found to be too small. 

Twenty milliliters of whole heparinized blood were 
pipetted into a 200-ml. volumetric flask and 100 mgm. of 
urease (Squibb double strength) in 2 ml. of distilled water 
were added. No additional buffer was used. After al- 
lowing the urease to act for 30 minutes, a tungstate fil- 
trate was made from the blood-urease mixture. A 100-ml. 
aliquot of this filtrate was steam-distilled, using a macro- 
Kjcldahl distilling apparatus, after the addition of 100 ml. 
of saturated sodium tetraborate solution. The distillate 
was caught in an Erlenmeyer flask containing 20 ml. of 
4 per cent boric acid solution and methyl red as an indi- 
cator, and titrated against 0.01 N sulphuric acid. All 
determinations were done in duplicate and the restflts were 
discarded unless they checked within 0.2 ml. of 0.01 N 
acid, which is equivalent to 0.06 mgm. of urea in the speci- 
men, or .6 mgm. of urea per 100 ml. of whole blood. Most 
duplicate determinations checked within 0.1 ml. or less of 
0.01 N acid. The accuracy of this method in detecting 
small differences in urea concentration in human blood 
was determined by means of recovery experiments. In 
each experiment, blood from a normal subject was divided 
into 4 portions of 20 ml. each. A known quantity of urea 
in aqueous solution, usually 1.0 mgm. per 100 ml. of blood, 
was added to 2 samples, and an equal amount of distilled 
water to the other pair. All 4 were then analyzed for 
urea content by the procedure outlined above. No experi- 
ment was considered satisfactory if the variation between 
the duplicate determinations exceeded 02 ml. of 0.01 N 
acid. The recoveries in 14 such experiments ranged from 
79 to 130 per cent vvith a mean recovery of 102 + 12.4 
per cent At an urea difference of 1 mgm. per 100 ml., 
this equals 0.12 mgm. Twice this standard deviation is 
025 mgm. per 100 ml. This result would indicate, in the 
comparison of 2 values (such as an arterial and an hepatic 
venous urea level) each of which may' have a deviation 
of + 025 mgm. per 100 ml., that a difference of less than 
0.5 mgm. per 100 ml. cannot be considered significanL 
The accuracy' of the method was further investigated by 
performing 8 analyses on a single specimen of blood. The 
values obtained for blood urea concentration, in mgm. per 
100 ml., were: 142; 13.8; 13.9; 13.9; 13.9; 142; 13.9; 
142. The mean of these results is 14.0 + 0.17 mgm. per 
100 ml. 

Determination of urea in urine 

A volume of urine approximately equal to 1 minute’s 
output vras diluted with 20 ml. of distilled water and the 
ammonia removed with 3 grams of permutiL A lO-ml. 
aliquot of this ammonia-free filtrate was treated for 30 
minutes with 1 ml. of a 5 per cent solution of urease 
(Squibb, do'jble strength). .A, fungstate filtrate was tl'.en 
prepared and a large aliquot, us'ually 50 ml., was steam- 
distilled with sodium tetraborate. Tlie procedure from 
this point on is the same as for blood. 

The oxygen content of the mixed veno-us and arterial 
bloods was determined by the method of Van Slylrc and 
Neill (7). Tlte oxygen and carbon dioxide contents cf 
the expired air were mearured by the metl-.od c; Haldane. 
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mococcal pneumonia — 2, and mild tj^phus fever). 
The data on both groups of patients are recorded 
in Table I. There appeared to be no significant 
differences in the findings on the 5 normal, fasting 
subjects as compared with the 5 who were con- 
valescent from acute infections. Accordingly, both 
groups are combined in summarizing results. 

The levels of urea in the arterial blood fell be- 
tween 16.4 and 38.3 mgm. per 100 ml., and the 
levels in the hepatic venous blood behveen 17.3 
and 39.4 mgm. per 100 ml. Hepatic venous- 
femoral arterial urea differences ranged from 0.51 
to 1.08 mgm. per 100 ml. of blood. The rate of 
excretion of urea in the urine varied behveen 9.8 
and 15.3 mgm. per minute, for an average of 13.4 
mgm. per minute. This has been determined on 
an additional 8 subjects on whom liver blood flows 
were 'not measured. In these individuals, the uri- 
nary excretion of urea lay bet^veen 12.3 and 20.4 
mgm. per minute with an average of 16.2 mgm. 
per minute. There was no correlation of urinary 
excretion of urea with the minute volume of urine 
in the range encountered (0.5 to 5.0 ml. per 
minute). The 1 subject (W. B.) who was studied 
2 hours after a meal demonstrated a rate of urea 
excretion of 24.3 mgm. per minute. 

The total hepatic blood flows for the 10 fasting 
patients range from 1.0 to 2.7 liters per minute. 
When calculated per square meter of body sur- 
face, the range of flows is 0.5 to 1.6 liters per 
minute with an average flow of 1 .0 liter per minute. 
The hepatic blood flows comprise from 11 to 35 
per cent of the total cardiac output, averaging 22 
per cent. 

Total oxygen consumptions were measured in 
6 patients and ranged from 147 to 216 ml. per 
minute per square meter of body surface. These 
^’alues are in general higher than normal basal 0 x 5 '- 
gen consumption, which is not unexpected in view 
of the fact that the o>^'gen consumption was de- 
tennincd near the end of a somewhat trjdng 2 -hour 
procedure. Everj- effort was made, however, 
throughout each stud}' to allay anxiet}' and keep 
the subject as comfortable as possible. 

The arterial-mixed venous ox}'gen differences 
ranged from 3.2 to 5.1 volumes per cent, and the 
arterial-hepatic venous ox}'gen differences from 
3'.5 to 5.8 volumes per cent. In 3 instances the 
arterial-mixed venous ox}'gen difference exceeded 


the arterial-hepatic venous difference, and in 4 
subjects the situation was the reverse. It must be 
remembered that the oxygen contents of mixed 
venous blood and hepatic venous blood were never 
determined simultaneously. There was in gen- 
eral a 5- to 10-minute delay involved in moving 
the catheter from the hepatic vein into the right 
heart and collecting the mixed venous blood speci- 
men. The cardiac indices (outputs per minute 
per square meter) varied from 3.6 to 4.9. The 
average value for cardiac index was 4.2 liters per 
minute per square meter, which is about 30 per 
cent above normal but which is in keeping with 
the degree of anxiet}'- which was generally en- 
countered. The splanchnic ox}'gen consumption 
varied from 21 to 61 ml. per minute per square 
meter in the 7 fasting subjects in whom it was 
measured. These figures average 42 ml. per 
square meter and equal from 14 to 28 per cent 
of the total ox}gen consumption. 

The data for hepatic blood flow, cardiac out- 
put, splanchnic oxygen consumption, and total 
oxygen consumption for the 1 non-fasting subject 
studied do not vary significantly from the cor- 
responding data for the fasting subjects. 

Hepatic blood flow by the bromsulphalcin method 

The data for the 9 fasting subjects whose he- 
patic blood flows were estimated by the bromsul- 
phalein method are recorded in Table II. One 
female subject (J. E.) is included in this group. 
Six subjects had conditions thought not to involve 
the liver (brachial neuritis, psychoneurosis — 2 , 
latent bronchial asthma, no disease, and asympto- 
matic neuro-s}'philis). The other 3 subjects were 
well convalescent from mild, acute infections 
(pneumococcal pneumonia — 2 , primar}' atypical 
pneumonia — 1). Since there is no apparent dif- 
ference in the results on the normal subjects as 
compared with the con-valescents, the 2 groups of 
data may be combined. 

The range of total hepatic blood flows was from 
0.6 to 1.2 liters per minute per square meter, aver- 
aging O.S liter. This represents from 14 to 26 per 
cent of the cardiac output, or 19 per cent as an 
average. Two subjects (H. B. and H. F.) iicd 
liver blood flow estimated simultaneously by the 
urea and bromsulph.alein methods '.rith %alues for 
H. B. of 0.6 liter per minute per square meter by 
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partial occlusion of the catheter hy blood dot. A 
few minutes later, the catheter was completely 
thrombosed. This situation may have interfered 
with the clearing of the catheter of saline before 
the blood specimen was taken and thus resulted 
in dilution of the sample with the residual saline 
in the line. These 3 subjects had urinary urea 
excretions of 13.9, 12.3, and 19.3 mgm. per min- 
ute, respectively. Two of these subjects (W. J. B. 
and H. H.) had simultaneous determinations of 
liver blood flow by bromsulphalein with values of 
1.0 and 1.2 liters per minute per square meter. 

Two of the subjects (H. B. and C. S.) who are 
induded in Table I showed, over time periods of" 
34 and 10 minutes, respectively, corresponding 
_ falls in arterial and hepatic venous urea concentra- 
tions with maintenance of essentially constant he- 
patic venous-arterial urea differences. In H. B. 
the arterial urea level fell from 16.4 to 15.6 mgm. 
per 100 ml. while the hepatic venous level changed 
from 17.3 to 16.5 mgm. per 100 ml. Thus, the 
hepatic venous-arterial urea difference remained 
constant at 0.9 mgm. per 100 ml. C. S. showed 
a fall in arterial urea concentration from 27.6 to 
27.1 mgm. per 100 ml. ; at the same time the he- 
patic venous concentration fell from 28.5 to 27.8 
mgm. per 100 ml. The corresponding urea differ- 
ences are 0.9 and 0.7 mgm. per 100 ml. It would 
not seem likely that the corresponding falls in 
arterial and hepatic venous urea concentrations 
were due to temporary’ dilution of the blood vol- 
ume by the saline infusion through the catheter. 
In all other subjects the 2 arterial blood urea levels 
were identical, within the limits of error of the 
method. 

discussion 

The estimation of hepatic blood flow by tlie 
urea method has several disadvantages. The he- 
patic venous-arterial urea difference is small and 
requires a meticulous technique for its determina- 
tion. Even so, small technical errors greatly in- 
fluence the calculated hepatic blood flow. Be- 
cause urea is so diffusible throughout the body 
fluids, i.e., throughout a volume of water equal to 
approximately 73 of the body weight, the retention 
of a considerable proportion of the urea produced 
by the liver over a short period of time could oc- 
cur without a significant rise in urea concentra- 


tion in the arterial blood. Under such conditions, 
the urinary excretion of urea would not quantita- 
tively represent urea production by the liver. He- 
patic production and renal excretion of urea are 
probably at or close to equilibrium, however, un- 
der the resting and fasting conditions of this studjn 
Kidney function may be affected by such factors 
as pain and anxiety, which were present in small 
to moderate degree during the test. The collection 
of the urine, for determination of urea output, over 
a period of 2 hours or longer would seem to re- 
duce any effect of pain or anxiety on urea ex- 
cretion. 

The bromsulphalein method gives reproducible 
results as our average value for hepatic blood flow, 
0.8 liter per minute per square meter, agrees 
closely with that of Bradley et al of 0.9 liter (1), 
The bromsulphalein method, however, involves 
several assumptions: (a) that bromsulphalein is 
removed from the blood stream only by the liver, 
( 6 ) that the concentration of bromsulphalein in 
the portal vein is the same as that in peripheral 
S 3 'stemic arterial or venous blood, (c) that the 
percentage of dye extracted b^' the portion of the 
liver which is catheterized represents the ex- 
traction percentage for the liver as a whole, and 
(</) that bromsulphalein and/or catheterization of 
the hepatic veins do not in themselves alter liver 
blood flow. Those assumptions which are inherent 
to catheterization of an hepatic vein are involved in 
the urea method as well. 

One must conclude that the urea method is not 
onlj’- technically more difficult but probably' con- 
siderabty less accurate in estimating hepatic blood 
flow than is the bromsulphalein method. The urea 
procedure has served a useful purpose in demon- 
strating that the fundamental assumptions utilized 
in the dj-e method are probably correct because 
similar ^•alues for hepatic blood flow can be ob- 
tained bj- an entirely different method. We now 
feel safer in applying the bromsulphalein method 
to physiological and clinical problems. 

If the \-alues for hepatic blood flow and splanch- 
nic oxj-gen consumption b\- both methods are 
combined, the average hepatic blood flow, 0.9 liter 
per minute per square meter, is 20 per cent of 
the cardiac output, and the average splanchnic oxy- 
gen consumption of 41 ml. per minute per square 
meter c-quals 25 per cent of the total oxygen con- 
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TABLE in 


Comparison of approximate values for blood flotv, arterio-venous oxygen difference, and oxygen consumption 

of brain, kidney and liver of man 



Visceral blood flow 

Arterio-venous 

oxygen 

difference 

Visceral 

oxygen 

consumption 

Visceral blood flow 
ns percentage of 
cardiac output 

Visceral oxygen 

I consumption as 
[ percentage of 

total oxygen 
consumption 

Range 

Av. 

Range 

Av. 

Range 

Av. 

Range 

Av, 

Range 

Av. 


mmm 


nmnii 


i ml. per JO 

0 grams 






of tissue per 


of tissue per 






\ minute 



minute 





Brain 

59-75 1 

1 66 


6.5 

3.9-4.9 

4.4 

18-21 

20 

20-30 

24 

Kidney 




2.2 

4, 1-9.9 

8.2 


20 


12 

Liver (plus viscera 











drained by portal 











(a) Urea method 

58-185 

117 

3.S-5.8 

4.6 

2.4-7.0 

5.3 

11-35 

22 

14-37 

24 

{b) BSP method 

69-138 

92 

4.0-5.8 

4.9 

3.0-6.5 

4.6 

14-26 

19 

17-41 

25 


The average body size is assumed to be 1.73 square meters and average visceral weights to be: brain, 1400 grams; 
kidneys, 170 grams each; and liver, 1500 grams. Data for the brain are from Kety and Schmidt (10), and for the kidney 
from Warren et al (11), Chasis et al (12), and Bradley and Halperin (13). 


sumption. Both the hepatic blood flow and the 
splanchnic oxygen consumption vary over a wide 
range from person to person. These variations 
are not appreciably decreased by relating the values 
to the surface area of the subject. The splanchnic 
oxygen consumption was not closely- correlated 
with the total oxygen consumption and only poorly 
with the hepatic venous-arterial oxygen differ- 
ence. Both the total oxygen consumption and the 
cardiac index were spmewhat higher than normal 
in a number of these subjects due, it is thought, to 
anxiety. It remains to be determined whether more 
consistent figures can be obtained by studying 
larger groups of more basal subjects or by studying 
all subjects after a procedure which will increase 
the work of the liver and tend to nullify the effects 
of anxiety. In the study of the cardiac output in 
the average patient the second technique has been 
the more useful; the spread in the resting values 
is considerably reduced by light exercise (9). 

The liver is compared, in Table III, with the 
brain and kidney as to approximate blood flow, ar- 
terio-venous oxygen difference and oxygen con- 
sumption. The oxygen values recorded for the liver, 
of course, do not represent ox}'^gen absorbed and 
utilized only by that viscus, but oxygen metabolized 
by all the viscera drained by the portal vein as 
well. The liver and its associated viscera lie be- 
tween the brain and the kidneys in respect to blood 
flow per 100 grams of tissue and percentage of 
oxjfgen extracted from the arterial blood. The 


brain has a relatively low blood flow and higher 
arterio-venous oxygen difference ; the kidneys have 
a very high blood flow but a low A-V difference. 
The liver and brain are about equal in oxygen con- 
sumption per 100 grams of tissue; the kidneys 
have a considerably higher consumption. .Each 
viscus receives around 20 per cent of the resting 
cardiac output. Together, these viscera account 
for about 60 per cent of both the cardiac output 
and the total oxygen consumption of the body at 
rest. 

SUMMARY AND CONCLUSIONS 

1. The hepatic blood flow has been estimated 
utilizing the Pick principle with urea as the test 
substance. 

2. The hepatic blood flow in 10 normal or con- 
valescent subjects ranged from 0.5 to 1.6 liters 
per minute per square meter with a mean of 1.0 
liter. Hepatic blood flow was estimated on 9 sim- 
ilar subjects by the bromsulphalein method witli 
a range of flows from 0.6 to 1.2 liters per minute 
per square meter and an average of 0.8 liter. 
These hepatic blood flows by the 2 methods com- 
prise 22 per cent and 19 per cent, respectively, of 
the average cardiac outputs. 

3. Arterial-hepatic venous oxygen differences, 
determined at the same time as the hepatic blood 
flows, provided estimation of the splanchnic oxy- 
gen consumption. By the urea method, this 
ranged from 21 to 61 ml. of oxygen consumed per 
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minute per square meter with an average of 42 
ml. By the bromsulphalein method, the splanchnic 
oxygen consumption varied hebiveen 26 and 56 ml. 
per minute per square meter and averaged 40 ml. 
These averages make up 24 per cent (for the 
urea method) and 26 per cent (for the brom- 
sulphalein method) of the total oxygen consump- 
tion. 

4. Because of the small difference in urea con- 
centration between arterial blood and hepatic 
venous blood, a meticulous technique is required 
for the urea method, and small technical errors 
make large variations in the calculated hepatic 
blood flow. These disadvantages render the urea 
procedure less suitable for clinical use than is the 
bromsulphalein method. The fact that these 2 
widely different methods give comparable esti- 
mates of hepatic blood flow would indicate that 
the basic assumptions underlying the bromsulpha- 
lein method are valid. 
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Radioiodine and natural iodine are chemically 
and physiologically identical, providing the former 
is present in quantities so small as to be without 
biologic effects due to radiation per se. A minute 
quantity of radioiodine may be used to trace, by its 
radioactivity, the course of a given quantity of 
iodine through various chemical and biologic re- 
actions. Hertz (1, 2) was the first to call atten- 
tion to the unique possibilities of this method in 
the study of thyroid function. Hamilton and Soley 
( 12) were the first to apply it to the clinical inves- 
tigation of the human thyroid. Radioiodine trac- 
ers have subsequently been utilized in many stud- 
ies dealing with the thyroid of laboratory animals, 
in vitro experiments and clinical investigations. 
The method has been applied to the study of the 
biosynthesis of thyroid hormone (1, 3 to 9), the 
action of thyrotrophic hormones (4, 10), the ac- 
tion of goitrogens (5, 11) and of other factors 
influencing the function of the thyroid (6), the 
functional activity of various thyroid tumors and 
a number of other problems. 

It is possible that radioiodine may prove most 
useful in the study of thyroid function in man. 
To date, relatively few definitive clinical studies 
employing this technique have been published. 
The first was that of Hamilton and Soley (12), 
who compared the collection by the thyroid of 
iodine labeled with radioiodine and its excretion 
in the urine and feces in normal subjects and in 
patients having various thyroid disorders. Radio- 
iodine in the thyroid was measured directly by 
the recording of its gamma radiation by means of 
a Geiger-Miiller counter placed over the trachea 
and in some instances by analysis of surgically re- 
moved specimens of thyroid tissue. It was found 
that an orally administered dose of labeled iodine 
was absorbed very rapidly and could be detected 
in the thyroid within 20 minutes. Normal subjects 
excreted 74 to 89 per cent of the dose in the urine 


during a period of 5 days, 53 to 81 per cent ap- 
pearing during the first 24 hours. Two mjocede- 
matous patients excreted 91 and 94 per cent, re- 
spectively, in the urine during 5 days but at a 
slower rate than did the normals. Patients who 
had hyperthyroidism excreted as much in the 
urine as did the normals. This finding may have 
been due to the fact that most of the patients had 
received strong solution of iodine (Lugol’s solu- 
tion) and in part to the ver}' large amount of 
iodide (14 mgm.) which was administered as a 
labeled dose. Fecal excretion was variable but 
averaged only about 1 per cent of the dose. 

In another series of in vivo measurements em- 
ploying the same dose of iodide, Hamilton and 
Soley (13) recorded characteristic collection 
curves for various thyroid states. The curve t}'pi- 
cal of normal thyroids was a smooth curv'e which 
leveled off to a flat plateau in 2 days. Iodine col- 
lection by thyroids of hyperthyroid patients was 
greater and much more rapid than in normal thy- 
roids. It rose to a peak within 4 to S hours and 
thereafter decreased almost as rapidly to a plateau 
lower than that of the normal thyroids. This 
curious phenomenon was also observed in 2 child- 
ren who had goiters and hypothyroidism. When a 
dose of 0.1 microgram of sodium iodide was given 
instead of 14 mgm. such rapid loss of radioiodine 
from the thyroid was not observed (14). 

Hertz, Roberts and Salter (3) studied 22 pa- 
tients who had exophthalmic goiter and compared 
these with 2 normal subjects. The quantity of 
radioactivity was measured in the urine; that in 
the thyroid was measured in situ by applying a 
Geiger-Muller counter to the neck. Thyroid tis- 
sue was obtained in some cases following thyroid- 
ectomy. This was fractionated into diiodotyrosine- 
like and thyroxine-like fractions, which were also 
analyzed for radioactivity. The collection by thy- 
roids in untreated’ exophthalmic goiter averaged 
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80 per cent if the accompanying dose of sodium 
iodide was small ; ■when the latter exceeded 2 mgm. 
the uptake of radioiodine was smaller. Previous 
treatment with iodine reduced the quantit}*^ col- 
lected. The proportion of radioiodine which ap- 
peared in the thyroxine-like faction of thyroid 
tissue varied directly with the time intervening 
behveen the administration of the tracer and thy- 
roidectomy. 

Rawson and his associates (15, 16) studied the 
urinary excretion of radioiodine in a series of pa- 
tients with various thyroid states. A patient who 
had a very large hyperplastic goiter resulting from 
treatment with potassium thiocyanate excreted 
only 24 per cent of a tracer dose of radioiodine, 
whereas a patient who had a similar goiter in- 
duced by administration of thiouracil excreted all 
of the tracer dose. The effect of thiouracil was 
also studied in a series of patients who had ex- 
ophthalmic goiter and who were prepared for 
operation with this drug. The major part of the 
radioiodine appeared in the urine and very little 
was found to be in the thyroid. In 5 normal sub- 
jects, a total of 80 per cent of the dose appeared in 
the urine. A series of untreated thyrotoxic pa- 
tients excreted an average of 16 per cent of the 
dose in the urine. 

Leiter, Seidlin, Marinelli and Batimann (8) 
have studied the behavior of radioiodine tracers 
in 2 patients who had hyperfunctioning and meta- 
static tliyroid adenocarcinomas. Both subjects ex- 
creted radioiodine in a manner comparable to that 
observed in cases of exophthalmic goiter. In 
one case thiouracil effectively reduced collection 
by the thyroid and in the other, in which the 
thyroid gland had previously been totally ablated, 
it proved equally effective in preventing collec- 
tion of radioiodine by the metastatic thyroid tis- 
sue (17). 

Leblond, Fcrtman, Puppel and Curtis (7) stud- 
ied the form in whicli iodine is stored in the thy- 
roid in cases of goiter. They found that less tlian 
10 per cent of the quantitj* collected by the thyroid 
remained in the form of iodide; the rest was con- 
verted to diiodot)Tosinc or thyroxine. Compar- 
able obseiwntions had been made earlier by Hamil- 
ton and Soley and their associates (14) in 2 cases 
of goiter with hjpothyroidism. 

All of the clinical reports which h.ave appeared 


have dealt with the proportion of a given dose col- 
lected by the thyroid or excreted in the urine, or 
with the chemical form in which it was stored or 
secreted by the thyroid. No attempt has been 
made, thus far, to investigate the rates at which 
collection, excretion or secretion of iodine occurs. 
The collection curves reported by Hamilton and 
Soley are an exception in that the characteristic 
forms of these curves imply important differences 
in the dynamics involved although the differences 
noted were not expressed quantitatively. 

The present study was undertaken to investi- 
gate the dynamics of iodine metabolism by the 
tracer method, and to determine, if possible, the 
rate at which radioiodine is collected by the thy- 
roid, disappears from the blood and is excreted in 
the urine. The stud}' was undertaken in the hope 
that this approach might provide the tracer method 
with greater precision when applied to various as- 
pects of thyroid function in man. 

The data to be presented concern chiefly the 
urinary excretion of radioiodine. Subsequent 
studies w’ill deal with the concentration of radio- 
iodine in blood and its collection and secretion 
by the thyroid as measured in vivo. Urinary 
measurements possess the disad\'antage of not 
being directly concerned with thyroid function. 
There are, however, 2 reasons for directing at- 
tention first to urinary' measurements; 1. The 
urine is the principal route for the disposal of an 
ingested dose of iodine in euthyroid or hypo- 
thyroid subjects. 2. The analysis of radioiodine 
in urine is technically much simpler and more ac- 
curate than its measurement in blood samples and 
much more accurate than present methods for 
measuring radioactivity jk vivo. 

METHODS 

Iodine of mass 131 haring a half life of 8.0 days ■v\-as 
obtained from the Qinton Laboratories, where it had 
been prepared by the bombardment of metallic tcihjrmm 
with slow neutrons in the cmain-rcactir.g pile. The iso- 
tope was supplied in solution as carrier-free iodide, with 
minute amo'unts of tellurium, sulfates and oxalates as 
contaminants. The solution •.’.-as adjusted to pH £.0, cal- 
cium chloride was added to precipitate oxalate, '.odium 
iodide solution was added as carrier and th.e vclume •.•.-as 
adjusted so thuit 1.0 cc. contained 5.0 mirrorrams c; so- 
di-urn iodide and represented ECO mirrec-urie! as calcu- 
lated from the states! actis'ity o; the sample as receis e-I. 
The 'usual tracer dose was ICO microcuries c: v.dth a 
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total o£ 100 micrograms of sodium iodide as carrier.^ 
In the earlier studies, the tracer doses were given in the 
morning after breakfast. Later they were given while 
the subject was fasting because it was found tliat food 
appeared to delay absorption appreciably. • 

Tracers usually were given to patients as outpatients. 
Instructions regarding the exact collection of specimens 
of urine were given with great care. They were first re- 
viewed with the patient by the physician, repeated by the 
technician at the time the tracer was given and empha- 
sized by means of a printed sheet on which the procedure 
for collection of urine was explicitly prescribed. If after 
diligent questioning at the time when specimens were 
returned, an error in collection of specimens was dis- 
covered, the data were discarded. In most cases the urine 
was collected every 6 hours for the first 24 hours and 
in 24-hour samples thereafter for 2 more days or in 
some instances for a longer period. In certain cases, es- 
pecially in those of hyperthyroidism, the collections dur- 
ing the first few hours were made at 1- or 2- hour inter- 
vals. With regard to precision of collections of urine, 
a very satisfactory degree of cooperation has been 
achieved. 

The urine was collected in glass bottles to which had 
been added sodium hydroxide (3 cc. of 2.5 normal solu- 
tion) and sodium iodide (1 mgm.) as carrier. The 
specimens were carefully measured and 0.2 cc. was 
pipetted by means of a syringe pipette onto a copper 
planchette. Silver nitrate (0.1 mgm. silver in 0.1 cc.) 
was added to the drop on the planchette. If the sample 
was not properly centered on the planchette it was dis- 
carded and another was prepared. The specimen was 
then evaporated to dryness and counted at once with a 
Victoreen thin mica window beta-ray counter. The 
number of counts taken varied with the strength of the 
sample but, whenever possible, sufficient counts were made 
to keep the counting errors to within 2 to 5 per cent. 
All counts were made on duplicate samples. When these 
did not check closely the analysis was repeated on an- 
other pair of duplicates. The results were compared 
with a standard made from the same shipment of I^®^ as 
the tracer given the patient and were counted in the 
same manner and at the same time. 

MATERIAL 

Four groups of patients were studied. Group I in- 
cluded 4 normal men varying in age from 30 to 46 years, 
who served as controls. Group 2 consisted of 10 euthy- 
roid patients who were given tracers because of tlie 
presence of papillary adenocarcinoma of the thyroid, 
graded 1 on a basis of 1 to 4 (Broders’ method). So 
far as thyroid or renal function was concerned, these 

^ Measurements made of aliquots of our samples in the 
laboratory of Dr. R. D. Evans, Massachusetts Intitute 
of Technologj', indicated tliat the dose used closely ap- 
proximated 200 microcuries, in terms of the standards 
of that laboratory. No attempt is made in this paper to 
discuss the problem of measurements of radioactivity in- 
dicated by this divergence of measurements. 


patients were essentially normal. Group 3 included 6 
patients who had myxedema and in whom in vivo meas- 
urements failed to disclose any measurable collection of 
radioiodinc by the thyroid. In 2 of the 6 cases the 
myxedema was adequately controlled by administration 
of desiccated thyroid at the time of this study. The re- 
maining 4 patients were untreated at the time of this study. 
Group 4 included 16 patients who had uncomplicated, un- 
treated exophthalmic goiter. None of these patients had 
received iodine before the study. 

RESULTS 

Curves showing the cumulative urinary excre- 
tion of radioiodine by the subjects in the 4 groups 
mentioned are shown in Figures 1, 2, 3 and 4, re- 
spectively. The rate of excretion in the first 2 
groups — the 4 normal men and the 10 euthyroid 
patients — ^varies somewhat but the curves are ob- 
viously exponential in form and each approaches a 
plateau in about 48 hours. The shape of the 
curves is strikingly similar to that of the curves 
constructed by Hamilton and Soley (13) from 
data obtained by in vivo measurement of radioac- 
tivity over normal thyroids after administration of 
radioiodine. 

The rate of excretion of radioiodine by the 
myxedematous subjects is slower initially than 
that observed in the first 2 groups but persists 
much longer. A plateau may not be attained un- 
til after 4 days or more. Eventually, however, 
these subjects excrete in the urine much more of 
the administered dose of radioiodine than do the 
normal or euthyroid subjects. 

The excretion of radioiodine by the patients 
who had untreated exophthalmic goiter exhibited a 
great deal of variation. This may not be surpris- 
ing, since the severity of hyperthyroidism and the 
quantity of thyroid tissue present, as well as basal 
metabolic rates (range 4- 8 to +82 per cent), 
varied greatly. Nevertheless the excretion rates 
of all but 2 of this group were well below the mean 
for normal persons. The 3 cases with highest ex- 
cretion rates in this group are of particular inter- 
est because, although their response resembled 
that of the normals, they represent relatively 
severe exophthalmic goiter with basal metabolic 
rates of + 58, + 61 and + 46 per cent, respectively. 
The diagnosis was confirmed at operation in each 
instance. The excretion of radioiodine by the re- 
maining subjects in this group was significantly 
less than in any of the other groups and the 
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RENAL EXCRETtON OF RADIOACTIVE IODINE 
IN 4 NORMAL MEN 


TIME IN HOURS 

Fig. 1. Urinary Excretion of Radioiodine in 4 Normal Men 

The form of the curves suggests an exponential function. 





RENAL EXCRETION OF RADIOACTIVE IODINE 
IN 10 EUTHYROID PATIENTS V/ITH THYROID MALIGNANCY 

COMPOSITE CURVE OF 4 NORMAL MEN 


TIME IN HOURS 

Fig. 2. Urinary Excretion or Radioiodine in 10 Euthttoid Patti 
Who Had Low-crade Thyroid Malign .ant Lesions 
The composite cum'c of the normal men is included for cemparisoru I 
vidual curves vary not only in the plateau -which is reached but also in the - 
recuired to reach iL 
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Fig. 3. Urinary Excretion of Radioiodine in 6 Patients Who Had 

Myxedema 

The composite curve of the normal men is included for comparison. Not 
only does more radioiodine appear in the urine in myxedema but a much 
longer time is required to reach a plateau. 


curves describing excretion appear to become 
asymptotic very quickly, especially in the instances 
of very low iodine output. Closer inspection of 
these curves, however, indicates that a real plateau 
is not reached ; instead iodine excretion continues 
at a slow and relatively constant rate after the 
rather short initial phase of relatively rapid ex- 
cretion is completed. In this sense the hyper- 
thyroid curves appear therefore to be diphasic; 
there is an initial phase which, like that of the 
normal subjects, appears exponential and a second 
phase which is linear. As will be pointed out later, 
this difference from normals is more apparent than 
real ; a linear phase is present in the normal curves 
also but is not apparent on casual inspection. 

ANALYSIS OF DATA 

The smoothness of the curv^es obtained, their 
exponential character and the variations encoun- 


tered in the different groups suggested that the 
differences betiveen them might be expressed 
quantitatively by mathematical analysis. A series 
of equations has been found which appears to ac- 
complish this goal adequately. 

The urinary curves are quite well represented 
by the function 

Q = Qf (1- 

where Q is the amount of radioiodine, expressed as 
a fraction of the original dose, excreted in the 
urine in time f; Qf is the asymptotic amount, that 
is, the total amount finally excreted, and r is a 
constant depending on the rate of disappearance of 
iodine from the blood. The function thus is seen 
to have 2 parameters which define it: r the rate 
constant, and Qf the final value of Q. The value 
of r can be determined by plotting log {Qf — Q) 
against t (or the value of Qf ~ Q against t on 




URINARY EXCRETION OF RADIOIODINE IN THYROID STATES 


1143 



Fig. 4 . Urinary Excretion of Radioiodine in 16 Cases of Untreated 
Exophthalmic Goiter 

The cases raried widely in clinical severity, basal metabolic rates and excre- 
tion of radioiodine. Instead of reaching a plateau, a slow and relatively con- 
stant excretion of radioiodine persists after the initial period of rapid excretion. 


semilogarithmic paper) and determining the slope 
of the straight line function which results. This 
necessitates a prior knowledge of Qf. The value 
of Qf is estimated by inspection of the curve of 
the observed values Q versus t, and adjusted so as 
to give a linear function for log (Qf — Q) versus 
t.- 

The proportional rate of removal of radioiodine 
from the blood by the kidneys and appearing as 
urinarj' radioiodine, is given by the product of r 
^3’ Qf- The value r itself is the proportional rate 
of disappearance of radioiodine from the blood into 
all tissues into which it goes. . It therefore we as- 
sume for simplicity, and as a first approximation, 
that the iodine of the blood is going only to 2 
tissues, the thyroid and the kidneys, the rate of 
absorjition of iodine by the thyroid is given simply 
by the difference between the total rate and that 

* Dc'ailcti mstbcmatical development and treatmert udll 
be given in a forthcoming publication. 


estimated for the kidneys, that is, r — rQf = r 
(1 “■ Qf)- This difference actually measures the 
rate of remoral b}- all tissues together, other than 
the kidneys, and therefore, in so far as there are 
other tissues than thyroid involved, it does not 
give the true thyroid rate. However, inasmuch as 
variations in the disposal of iodine in the body to 
tissues other than the kidnej-s are likel3' to be 
due to rariations in thyroidal absorption of iodine, 
the thyroid being tlie most important of these tis- 
sues, it seems reasonable to use the value r (] — 
Qt) as an index of the rate of removal of iodine 
by the thyroid. When the radioiodinc curve of 
the thyroid can be accurately determined by ob- 
servations obtained from the subject's th.yroid 
directly, the rate of collection by the t’nyroid can 
be estimated. 

It was noted in the preliminary discussion of 
the results that tl-.e excretion curves of il;e l-.ypcr- 
tluToid group were dipitasic and included a sec- 
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Fig. 7. Analysis of Urinary Excretion in a Case of Exophthalmic Goiter 

a. The initial analysis of the curve shows clearly that, instead of a plateau, the 
initial phase of excretion is followed by a fairly constant or linear phase. When 
observations on euthyroid subjects are continued long enough, the same phenomenon 
is encountered. The difference between the actual excretion of radioiodine in 72 
hours and that which is predicted from extrapolation of the initial excretion curve 
is called the quantity a for purposes of reference. 

b. The initial renal excretion curve expressed as Qt — Q- 
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5 or 6 days are required to approach it closely and 
since the proportion of the dose remaining is veiy 
small by that time, it cannot be concluded -with 
certainty that this quantity is not present in these 
curves. However, it does not appear to be present 
and its apparent absence may prove both correct 
and significant. 

It is a hypothesis that -the excess excretion of 
radioiodine referred to in the previous paragraph 
is related indirectly to the secretion of radioiodine 
previously stored in the thyroid. Preliminary 
measurements of radioiodine in blood and pre- 
liminary in vivo measurements make it clear that 
this excess excretion in urine does vot reflect 
directly the secretion of stored radioiodine by the 
thyroid. However, secretion of radioiodine by the 
thyroid is generally assumed to be largely in the 
form of organically bound iodine. Perhaps there- 
fore one should not expect an immediate and direct 
reflection in urinary excretion. 

Figure 5a and b shows the analysis of the renal 
excretion curve for a normal subject; Figure 6a 
and b, for a myxedematous one, and Figure 7a 
and b, for a case of exophthalmic goiter. Prac- 
tically all of the cases studied fit the straight line 
as closely as the examples given and the fact that 
the data fit the mathematical assumptions so pre- 
cisely lends some support to the validity of such 
treatment. 

According to the mathematical analysis which 
leads to the function presented for the radioiodine 
curv^e, the value r, whether determined from the 
radioiodine curve of the urine or by anj’- other 
method, measures the proportional rate of disap- 


TABLE I 

Rate of disappearance of radioiodine 


Case 

Diagnosis 

Rale of disapi>earance 
j of radioiodinc* 



Urine 

Blood 



per c<rA 

i'er kovT 

1 

Exophthalmic goiter 

27.3 

26.4 

2 ' 

Exophthalmic goiter 

32.6 

31.4 

3 

.tdenomatous goiter -with 
hvperthjToidism 

9.7 

12.0 

4 

.4dcnomatous goiter -with 
hypcrthjToidism 

12.9 

12.4 


* The quantity r, or disappearance rate, determined 
from unnaiy excretion curves compared n-ith the rate 
determined from a series of blood samples obtained during 
the same period. 


TABLE 11 

Rale of disappearance cf radioiodine 



Rate of 

Source of calculation 

disap- 

pearance* 


fer cent 
per hour 

Radioiodine in urine 

14.2 ■ 

Radioiodine in blood 

11.6 

Radioacti-vity in thyroid, measured in vivo 

10.2 

Radioacti-vity in thigh, measured in vivo 

11.9 


* The quantity r, or disappearance rate, determined 
from 4 types of measurements in a normal subject follow- 
ing administration of a single tracer dose of radioiodine. 


pearance of radioiodine ]rom the blood. Accord- 
ingty, it should be the same value however deter- 
mined. Table I shows the results obtained in 
4 cases in which a comparison has been made be- 
tween the value for r determined from urinaiy^ data 
and the same quantity determined directly from 
blood samples, following the same tracer. The 
blood samples were drawn at interv'als, digested 
with alkali and analyzed according to a technique 
which will be described elsewhere. The figures 
obtained from the 2 sources, blood and urine, 
agree very well. In Table II are values for disap- 
pearance rate, r, determined by 4 methods in a 
normal subject. The values for r were calculated 
from serial measurements over the thyroid in vivo, 
serial measurements of peripheral radioactivity- 
over the thigh in vivo, serial hlood samples and the 
renal excretion curv’e. These figures also agree 
reasonably satisfactorily when one considers that 
the measurement of radioiodine in blood is some- 
what less accurate than in urine and that the in 
vivo measurements, in their present stage of devel- 
opment, are only close approximations. 

In Table III are given the means and standard 
delations, for the 4 groups of cases comprising 
this study, of the following 4 quantities: (1) Qf, 
■which measures the fraction of radioiodine being 
excreted into the urine ; (2) r, which measures the 
proportional rate of disappearance of radioiodinc 
from the blood; (5) r X Qf, which measures the 
proportional rate of excretion into the urine and 
whicli will be referred to as the “renal excretion 
rate”; (4) r (1 — Q/), whidi measures the pro- 
portional rate of absorption by other tissues than 
the kidneys (thj-roidr) and whicl: will be referred 
to as the "collcctioTi rate.” In addition, the mean 
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TABLE III 


Summary of quanltlalive characteristics of renal excretion curves in various thyroid states 


Group 

Condition 

Cases 

Renal 

fraction 

(0/) 

Disappearance 

rate 

(r) 

Renal excretion 
rate 

(r X 0/) 

Collection 

rate 

r(l -Qi) 

Excess excretion 
in 72 hrs. 

(a)t 




per cent of dose 


Per cent per hour 


Per cent of dose 

1 

Normal conditions 

4 

6S.2± 5.0* 

11.1±3.6 

7.2±2.1 

3.9±2.8 

1.4±1.4 

2 

Thyroid tumors 
(euthyroid) 

10 

65.1±11.0 

8.9±2.1 

5.7±1.8 

3.2±1.7 

0.6it:0.5 

3 

Myxedema 

6 

84.6± 4.5 

6.8±1.8 

5.8±1.4 

1.0±0.6 

0 

4 

Exophthalmic 

goiter 

16 

24.8±22.2 

28.9±5.1 

5.4±2.0 

23.5±8.0 

2.4±1.4 

1 


* The mean of each group is given together with the standard deviation in order to indicate the relative variation 
encountered. 

t The quantity a, which is also included, indicates the excess excretion of iodine in the urine after 72 hours. This 
expression does not attempt to define this factor quantitatively. 


values of the excess excretion of radioiodine in 
urine, the quantity a, are included. The latter is 
expressed as the total excess after 72 hours. This 
is an admittedly inadequate means of expressing 
this quantity but it may serVe until further study 
establishes its quantitative significance. The val- 
ues as shown indicate the relative magnitude of 
the excess in the 4 groups of patients. 

The variations in the- renal fraction among the 4 
groups of cases are what one would expect from in- 
spection of the original excretion curves (Figures 
1 to 4, inclusive). The normals excreted an aver- 
age of 65 per cent, the myxedematous patients 
conspicuously larger fractions and the hyperthy- 
roid patients conspicuously smaller and more vari- 
able quantities. 

The values for disappearance rate, r, show 
larger differences than do the renal fractions. The 
values for hypothyroid subjects are significantly 
lower than for the normals and the values for 
hyperthyroid subjects are more than 2^ times as 
high as those for the normals. 

The renal excretion rates (r X Qf) vary con- 
siderably from patient to patient and the variations 
are of sufficient order to account for some of the 
variations of iodine collection which are observed. 
However, no significant difference exists in the 
mean renal excretion rates of the 4 groups and all 
show approximately the same degree of individual 
variation. One might expect to find reduced re- 
nal excretion of significant degree in hypothyroid- 
ism. This point will have to be settled by study of 
a larger series of untreated patients. 

The- most striking differences are found in the 
values for collection rates, r (1 — Q/^). The hy- 


pothyroid subjects show, as one would expect, 
exceedingly low collection rates, 0.6 to 1.6 per 
cent per hour. What proportion of this repre- 
sents loss in feces and sweat, what proportion 
errors in the method, and what proportion actual 
collection by the thyroid or peripheral tissues it 
is impossible to say. The very high collection rates 
found in the cases of exophthalmic goiter may be 
regarded as due to variations of thyroid function, 
even though thyroid function is not here being 
measured directly. The mean collection rates in 
exophthalmic goiter were 6 times the normal rates 
whereas the renal fractions as such were less than 
half the normal values. 

COMMENT 

It is reasonable to assume that substantially all, 
if not quite all, of the radioiodine given as a tracer 
is either excreted in the urine or collected by the 
thyroid. The fraction of the total amount of iodine 
disappearing from the blood which is collected by 
the thyroid is therefore a relative quantity, depend- 
ing on the function of the kidneys as well as the 
function of the thyroid itself. Even if the thyroid 
function with respect to iodine collection remains 
quite constant, a variation in function of the kid- 
neys (or other iodine-collecting tissue) with re- 
spect to iodine collection will alter the picture of 
collection of iodine by the thyroid. Thus, if the 
function of the kidneys is altered so that the 
renal collection rate is lowered, the amount of 
iodine collected in any given time by the thyroid 
will increase, as will also the total amount of iodine 
eventually collected by the thyroid. 

The following hypothetical case will illustrate 
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this point : If the thyroid-collecting rate was 3 per 
cent per hour and the renal excretion rate 5 per 
cent, the thyroid would collect in the first 24 hours 
32 per cent of the original dose and asymptotically 
it would collect 37.5 per cent of the dose. If now 
the thyroid rate remained at 3 per cent but the 
renal excretion rate was reduced to 1 per cent, 
the thyroid would collect in the first 24 hours 46.1 
per cent of the original dose and asymptotically 
75.0 per cent. Attention only to the amounts of 
iodine collected by the thyroid might therefore 
easily give the impression that the thyroid function 
had been altered. Use of the formulae presented 
earlier in this paper would avoid this erroneous 
conclusion, for what remains constant in the situ- 
ation of unaltered thyroid function is the product 
of r and Qt, which for the situation before the al- 
teration of the renal function would be 0.375 X 
0.08 = 0.03 and after the alteration of the renal 
function would still be 0.75 X 0.04 = 0.03. The 
method of study which has been described suggests 
a means for determining the capacity of the kid- 
neys to excrete iodine without regard to thyroid 
function and of the thyroid to collect iodine with- 
out regard to variations of renal function. 

Tracers are ordinarily considered as labeling a 
specific quantity of iodine so as to make its be- 
havior distinct from that of the material with which 
it is mixed. It is also true, however, that once a 
radioiodine tracer is mixed with the circulating 
iodide of the blood (either after complete absorp- 
tion of an oral dose or after intravenous adminis- 
tration) it may be regarded as a label temporarily, 
not only of the tracer dose, but also of all of the 
iodide in circulation in the blood and in the body 
fluids which are in osmotic equilibrium with the' 
blood. In this sense whatever happens to the 
tracer is a \’alid quantitative measure of what is 
happening to the circulating iodide, since the two 
behave identicalty. The quantities which have 
been proposed, therefore, express the percentage 
of the total circulating blood iodide which is be- 
ing excreted or otherwise disposed of, as well as 
the percentage of the tracer which is disappearing. 
This does not necessarity imply that the circulating 
iodide in the blood is constant in amount. It 
merely implies that whatever the range of ^■aria- 
tion of circulating iodide in blood at the time of ob- 
servation, the renal excretion rate and tiie col- 


lection rate (expressed as a percentage of the total 
quantity) are relatively constant quantities. 

The radioiodine tracers which have been studied 
previously, as well as those described in the pres- 
ent study, have all been given orally. This raises 
the question whether the time required for absorp- 
tion affects the results significantly. Preliminary 
observations suggest that absorption time has not 
been a critical factor in the majority of instances. 
However, a comparative study of intravenous 
versus oral tracers is in progress in order to eluci- 
date this point more fully. 

Hamilton, (18), in an early paper, described 
the remarkable speed with which an oral dose of 
radioiodine appeared in the blood. Using a 
Geiger-Muller counter over the hand as an indi- 
cator, he found the absorption was 80 per cent 
complete in an hour. In some preliminary studies 
we have found that in both normal and h 3 'perthy- 
roid subjects, absorption may be complete in an 
hour or less. Because the absorption from the 
gastro-intestinal tract is complete within such a 
short period it appears reasonable at the moment 
to assume that, in most instances, only a small'er- 
ror will result from ignoring it. There is some 
suggestion that the presence of food in the stom- 
ach may somewhat prolong absorption of radio- 
iodine and on this account we have made it a 
practice to give tracers to patients in the fasting 
state. 

It is obvious that sooner or later the iodine col- 
lected and stored in the thyroid is likely to be 
secreted from the gland. If one excepts the ob- 
ser\'ations made by Hamilton and Soley and their 
associates (14) of the behavior of very large doses 
of labeled iodide in toxic goiters and in h 3 -po- 
th 3 -roid children with goiter, subsequent secretion 
of radioiodine b 3 ' the th 3 Toid appears to occur 
much more slowly than its initial collection. So 
long as it takes place relative!)' slowly, thyroidal 
secretion will not modif)' the exponential character 
of the initial collection or excretion cur\'C5 until 
either is approaching an as 3 'mptotic level. Studies 
of the quantitative cliaracter of the subsequent 
secretion of radioiodinc b)' tlte thyroid may as a 
matter of fact prove far more significant th.an col- 
lection studies. However, because of artefacts 
resulting from the quantity of radiation in the 
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tracer, they may be subject to more uncertainty 
than are the studies of collection rates. 

The quantity of radiation employed in all tracer 
studies which have so far been reported substan- 
tially exceeds in the thj^roid the arbitrary tolerance 
dose of 0.1 roentgen per day which is approved for 
total body radiation of persons working with 
radium or roentgen rays. Considering the great 
concentrating power of the thyroid, doses of 
of the order of 1 or 2 microcuries would have to be 
used in order to keep the radiation exposure of 
the thyroid below 0.1 equivalent roentgen per day. 
Such minute tracers are not practicable with pres- 
ent methods. The radiation dosage in the pres- 
ent study, assuming the dose employed to be 200 
microcuries of is of the order of 20 equivalent 
roentgens per day or a total integrated dose per 
patient of around 230 equivalent roentgens. No 
information is available regarding the minimal 
quantity of radiation per day which is capable of 
inducing biologic effects in the thyroid either 
within a few hours or within a period defined by 
a few half lives of Until this is known the 

possibility must always be considered that the 
radiation resulting from tracer doses of the magni- 
tude employed may produce biologic effects which 
influence the results observed. 

Another factor of importance in the evaluation 
of tracer studies is the quantity of carrier, or inert 
iodide, which is given with the radioiodine. The 
comparison by Hamilton and Soley of the differ- 
ence in response to a 14-mgm. dose of sodium 
iodide compared with a dose of 0.1 microgram 
leaves no doubt that the size of the carrier can 
modify the result obtained. For most purposes it 
is desirable that the quantity given in a tracer be 
an insignificant amount or at most a small incre- 
ment to the iodide already present in the body. 
We have so far avoided veiy small tracers (1.0 
microgram or less) because of the fear, perhaps 
unfounded, that excessive losses will occur with 
such tiny quantities because of adherence to con- 
tainers and so forth. If one assumes blood iodide 
to be in osmotic equilibrium with the extra- 
cellular fluid, as it probably is, the carrier which we 
have employed, 100 micrograms, should represent 
an average increment of tlie order of 1 microgram 
of sodium iodide per 100 cc. of plasma. Before 
•it can be said with certainty that this is an incre- 


ment which does not of itself modify iodine metab- 
olism more detailed studies w'ith varying quan- 
tities of carrier will be needed. 

SUMMARY 

The urinary excretion of radioiodine following 
its oral administration has been studied in normal 
subjects, euthyroid patients who had low-grade 
thyroid malignant lesions, patients who had 
myxedema and patients who had untreated ex- 
ophthalmic goiter. 

The urinary excretion cun^es differ significantly 
among the euthyroid, hypothyroid and hyperthy- 
roid groups. Mathematical analysis of the urinary 
excretion yields the following 4 quantities : {!) the 
renal fraction (which is the fraction of the dose of 
radioiodine primarily excreted in the urine) ; (2) 
the disappearance rate (which is the proportional 
rate of disappearance of radioiodine from the 
blood) ; (5) the renal excretion rate (which is the 
proportional rate of excretion into the urine) ; 
and (4) the collection rate (which measures the 
proportional rate of disappearance into other sites 
than the kidneys). In so far as the thyroid repre- 
sents the chief site in the body for collecting iodine, 
the last of these 4 values serves as an index of 
thyroid-collection rate. When the radioiodine 
curve of the thyroid can be determined by observa- 
tions obtained from the subject’s thyroid directly, 
the true rate of collection by the thyroid can be 
estimated. 

Estimations of disappearance rate, based on an- 
alysis of renal excretion, have been found to agree 
fairly closely with estimations of the same quantity 
based on direct measurements of blood samples, 
measurements of the thyroid in vivo and measure- 
ments of peripheral radioactivity in vivo. 

The renal fraction is greater than normal in 
hypothyroid patients and is less than normal in 
hyperthyroid patients. The disappearance rate 
is less in hypothyroid patients than in normal 
subjects and is markedly greater than normal in 
cases of hyperthyroidism. Significant individual 
variations occur in renal excretion rates but no 
significant differences were observed in the mean 
renal excretion rates among the 4 groups of cases 
studied. The most significant variation observed 
occurred in the collection rates, which were very 
much less than normal in the hypothyroid cases, 
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and averaged 6 times the normal in the hyperthy- 
roid patients. 

The significance, the limitations and the possi- 
bilities of this technique have been discussed. 
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INTRODUCTION 

In the century which has elapsed since Weber 
first pointed out that the ability to discriminate 
just noticeable differences in 2 stimuli inducing 
sensation depends upon the magnitude of the 
stimulus, psychologists and physiologists have 
made use of this relationship for the study of nearly 
all types of sensation (1). Pain has not been so 
studied, perhaps because of the view formerly held 
that pain was not a sensory entity but was the end- 
point of over-stimulation of any of the recognized 
sensory mechanisms of the body (2). Recent evi- 
dence, however, makes it appear likely that pain 
per se is a sensation with specific sensory apparatus 
in the skin and deeper tissues, and with its own 
neural pathways and functional properties (3). 

Investigation of the Weber ratio (Al/I, in which 
I = intensity) has lead to at least 3 useful formula- 
tions about sensations other than pain. 

1 . The range of effective intensities of the ade- 
quate stimulus has been determined. For example, 
the range of effective stimuli for vision between 
threshold stimulus and the “dazzle” point is ap- 
proximately 10 billion fold (4). For warmth 
sense, this range from threshold to onset of thermal 
pain is about 2 thousand fold (5). 

2. The number of just noticeable differences 
which the average individual can distinguish in the 
range of effective stimuli has also been ascertained. 
Thus, there are approximately 570 barely distin- 
guishable steps for vision in the range of intensity 
from complete darkness to the dazzle point (6) 
and about 90 steps between the warmth threshold 
and the thermal pain threshold (7). 

3 . It has been suggested that large changes in the 
numerical value of the Weber ratio are associated 
with changes in the quality of sensation. As an 
example may be cited the attempt to correlate the 


change in Al/I at about 0.02 millilambert with the 
change from achromatic to chromatic vision (8). 

The Weber Law states simply that as the 
intensity of a stimulus increases, the ability to dis- 
criminate differences in intensity of stimulus de- 
creases proportionately. For a stimulus of in- 
tensity I, there is a minimum change in intensity, 
Al, which can just barel}^ be detected when added 
to or subtracted from I. That is, I ±: Al can 
just be distinguished from I, and Al is the 
“just noticeable difference” (JND) in intensity 
of stimulus, or the difference limen (dl). Alge- 
braically the Weber Law can be written: Al/I = 
C, in which Al/I is known as the Weber ratio and 
C is a constant. This relationship has been shown- 
to be valid over limited ranges of stimulus intensity 
for vision, hearing, and temperature sensation 
(7). It was Fechner who suggested that the con- 
stant in the equation could be interpreted as 
proportional to the minimal difference in sensation 
(AS) and that: 

C = KaS, in which K is a proportionality fac- 
tor and AS is the just noticeable difference 
in sensation. 

Therefore, Al/I = KaS, or upon integration, 

S = K log I/Io, where : S = intensity of sen- 
sation evoked by the stimulus of in- 
tensity I, lo = threshold stimulus in- 
tensity. 

The importance of this conception lies mainly 
in the fact that it has afforded another quantitative 
approach to the study of sensations. It is the pur- 
pose of this communication to present the results 
of measurements of the Weber ratio for cutaneous 
pain sensation, and to suggest the usefulness of 
these measurements as a basis for the evaluation 
of the intensity of pain sensation. 
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Fig. 1. Schematic Drawing of the Simplified Pain Threshold Equipment 
L, 500 watt lamp ; S, condensing lens of 20 cm. focus ; P, shutter relay. 


METHOD 

The painful sensation which was studied in these ex- 
periments was induced in the skin by a 3-second ex- 
posure to intense heat radiation. A modified Hardy- 
Wolff-Goodell pain threshold equipment was employed 
as the stimulator (5). The apparatus has been altered 
from that originally described by replacing the rheostat 
with a variac transformer to alter the intensity of the 
light beam, and the use of a sensitive voltmeter especially 
adapted to indicate the intensity of the radiation in 
millicalories per second per cm.* (0.001 gram cal./sec./ 
cm.*). The reading of the voltmeter was checked from 
time to time with a calibrated radiometer. This is an 
essential procedure for an apparatus which depends upon 
the measurement of electrical input to the heat source. 
An electronically controlled shutter gave considerable 
flexibility to the equipment as it was no longer necessary 
to employ a pendulum to limit the time of exposure. As 
the changes which have been incorporated give in- 
creased fle-xibility and make possible a greater variety 
of experiments, a schematic drawing of the simplified ap- 
paratus is shown in Figure !.>• 

The method of measuring the just noticeable differ- 
ences (41) for the pain induced by heating the skin 
with radiant energy was as follows ; An intensity of radia- 
tion (at or --an the pain threshold) was selected 

each experimental day as the "standard” for that experi- 
ment The method of choosing the standard was to in- 
crease systematicallj’ the intensity of the stimulus by ap- 
proximately the amount of AI as determined from the 
previous experiment A series of 13 standard stimuli were 
used, including 220 millicalories (approximately the pain 
threshold). The 3 authors, seiwing in turn as subject and 
obscr%-er, were each stimulated with 2 exposures to the 
standard radiation. The forehead, blackened with India 

* Changes from the original design were made by the 
Experimental Engineering Corporation. Bergcnfield, Kew 
Jersey. 


ink, was used as the test surface because of its uniform 
temperature and because this area had served satisfactorily 
in the past for pain threshold studies. In the series of 
experiments tvith stimuli greater than 500 millical./sec./ 
cm.*, considerable tissue damage was produced. For this 
reason, a second test area, the blackened volar surface 
of the forearm, was chosen. This area had the same pain 
threshold as the forehead and was more easily cared for 
when blistered. Following exposure to the standard, the 
subjects were presented, in rotation, with 3 test stimuli. 
The sensation induced by the standard stimulus was 
compared from memoo’ with the sensations evoked by the 
test stimuli and a report made as to whether the test stim- 
uli were equal to, less than, or more than the standard. 
It required about 10 minutes to present the test stimuli 
and record the reports, as it was important not to irradiate 
the skin in too rapid succession. Intervals of less than 1 
minute between stimulations were found to introduce un- 
certainty due to after-sensations. Following the first 
series of 3 test stimuli, the standard was again presented, 
the subject being so informed, and a second series of tests 
begun. This procedure was followed with increasing 
and decreasing intensities of stimulus until it became evi- 
dent that AI had been ascertained. AI v.as established as 
the intensity difference which the subject recognized in 2 
out of 3 trials. 

A high degree of attention on the part of the subject 
was required to obtain uniform results and, in some in- 
stances, the experiment had to be delayed because of the 
temporary inability of a subject to concentrate luflicirntly. 
Some improvement in discrimination was observed in the 
subjects as they became accustomed to tl'.e cxi>erimental 
procedure. This was apparent mainly in more uniform 
results with fewer wide variations. The subjects were 
agreed that this experiment required m.uch more in the 
way of concentration and attention than did mea'urerrerts 
of pain thresholds and, for this reasc-n, conversation and 
interruptions during an experiment were sveided. 
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RESULTS 

The results of the experiment are contained in 
Table 1. Each value of Al reported in column 2 
of Table I represents an average of 3 or more ob- 
servations on 3 individuals. 


TABLE I 

Average values of AJ avd the Weher ratio for 
pain sensation 


Standard stimulus 
intensities 

Average Al 

Average ~ 

222 

millicalorieslsecondlcm^ 

7 

.03 

240 

7 

.03 

258 

8 

.03 

270 

6 

.02 

291 

6 

.02 

300 

11 

.04 

312 

9 

.03 

330 

15 

.05 

354 i 

19 

.06 

366 

16 

.04 

390 

17 

.04 

420 

29 

.07 

480 

60 

.13 

680 

200 

.29 

( 1100 ) 

( 620 ) 

(. 56 ) 


In the range of stimuli from threshold to 420 
millical./sec./cm.^, individual determinations of 
Al usually deviated from the average value by 
approximately zb 20 per cent. At the higher 'in- 
tensities, because of the damage done to the skin 
by the intense stimuli, just noticeable differences 
could not be so carefully ascertained, and a vari- 
ation of as much as zb 50 per cent resulted. 

The relationship between the intensity of the 
stimulus and the “just noticeable difference” is 
shown in Figure 2. At threshold, Al is approxi- 
mately 7 millicalories, or zb 3 per cent of the 
threshold. This value of Al corresponds quite 
well with the observations previously reported on 
the preciseness with which the threshold can be 
measured by this method, that is zb 4 per cent. 
There is no apparent increase in the value of Al 
between the threshold stimulus and 290 millical./ 
sec./cm.-, but between this latter intensity and 340 
millical./sec./cm.-, Al more than doubles, attain- 
ing the value of 15 millical./sec./cm.^. Between 
340 and 400 millical./sec./cm.- there is little 
change in Al, but beginning at about this latter 
intensity, there is a final sharp rise in the Al values. 

Thus, although 420 and 480 millical./sec./cm.- 


can be distinguished, 480 and 580 millical./sec./ 
cm.- cannot, and it is not until the stimulus has 
been increased to 680 millical./sec./cm.- that a 
barely perceptible difference can be noted. In 
tests on 5 subjects, 3 subjects reported 680 as 
more intense than 480 millical./sec./cm." and 2 
subjects reported the sensations as indistinguish- 
able. In 2 experiments, 2 subjects reported pain 
intensity evoked by 1100 as definitely more in- 
tense than that induced by 480 millical./sec./cm." 
One subject reported 680 and 1100 millical./sec./ 
cm." as indistinguishable. Thus discrimination is 
such for stimuli greater than 680 millical./sec./ 
cm.“ that, although it is possible to distinguish 
these stimuli from 480 millical./sec./cm.", it is not 
possible to make a distinction between these high 
stimuli themselves. The sensation evoked by a 
stimulus of about 680 millical./sec./cm." is there- 
fore a “ceiling” pain since stimuli of greater in- 
tensity cause no perceptibly greater pain. Beyond 
the ceiling pain, Al increases bj’^ the amount the 
intensity of the stimulus is raised above that 
causing the ceiling pain. For example, Al for 
ceiling pain is — 200 millical./sec./cm.=, Al for 
1100 millical./sec./cm." is ~ (200 -f 420) milli- 
cal./sec./cm.", the latter quantity being simply the 
difference between 1100 millical./sec./cm.“ and 
the ceiling stimulus intensity. In the intensity 
range above 400 millical./sec./cm.®, Al is changing 
so rapidly that the discrimination for higher inten- 
sities is considerably less than that for lower in- 
tensities. For example, 420 can be distinguished 
from 390 with a Al of 30 millical./sec./cm.® whereas 
420 can barely be distinguished from 480 with a 
Al of 60 millical./sec./cm.®. 

DISCUSSION 

a. The stimuhis ' 

It is probable that the magnitude of the Al and 
its ratio to the intensity I will depend to a large 
extent upon the type of stimulus used, and it is to 
be expected that measurements made with electri- 
cal and other types of stimulus will not necessarily 
correspond with the values reported here. It is 
desirable that the stimulus chosen be one for which 
the quantity measured is proportional to the 
amount of pain producing activity at the pain 
endings, that is, the algesic action of the stimulus. 
This is of importance because measurements of 
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Fig. 2. AI for Intensities of Thermal Radiation Inductnc Cutaneous Pain 


Al with an indirect tj-pe of stimulus, such as the 
electrical stimulation of the tooth, maj' require a 
different interpretation. For example, the direct 
electrical stimulation of a ner\'e fiber subserving 
pain should )'ield a series of Als which are de- 
pendent upon the condition of the nerve fiber and 
its electrical relation to the stimulating electrode. 
In the usual investigations of sensation, attention 
has been rightly focused on the “adequate” stimu- 
lus and, as radiant heat stimuli affect pain endings 
in a physiological manner, it is likeh' that thermal 
radiation is an adequate stimulus for producing 
pain sensation in the skin. It is apparent from 
Table I tliat by means of a suitable stimulus, re- 
producible measurements can be made o: the just 
noticeable difference of painful stimuli. 


The painful sensation caused by the highest 
stimulus intensities is distinctl}’ different from 
the pain experienced in the stimulus range be- 
low 480 millical./sec./cm.-. After the greater 
stimuli, the subjects reported a deep aching quality 
as well as the bright burning quality during the 
3-second exposure. At the termination of the c-x- 
posure, the deep acliing pain persisted at a high 
intensiu- for some seconds as an after-sensation. 
For the weaker stimuli, the after-sensation had a 
low intensity.' burning qualitr' which was generally 
not obseia-ed after a strong stimulus. This differ- 
ence in the after-sensations may lie cue to tiie 
functional elimination by damage of most of ll-.e 
supcrfical endings, and to the stimulation o; the 
deeper pain endings. The m.ost intense sti.muli 
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evoke the ceiling pain in about 34 second and the 
level of pain does not increase during the ex- 
posure time, whereas the weaker stimuli evoke 
sensations which build up during the exposure. 
This experience supports the idea that stimuli 
greater than 680 millical./sec./cm.' evoke the 
“ceiling” pain. 

The reproducibility in any given individual of 
the amount and nature of the damage caused in the 
skin by the thermal radiation suggests the pos- 
sible usefulness of this technique in the production 
of experimental lesions. . For example, on the 
skin of the volar surface of the forearm, stimuli of 
400 to 480 millical./sec./cm.^ caused erythema; 
those of 500 to 700 millical./sec./cm.- caused bleb 
formation, whereas those of approximately 1000 
millical./sec./cm.^ caused necrosis without obvious 
bleb formation except at the margins of the ex- 
posed area. 

b. The Weber ratio for pain 

The value of Al/I is approximately constant 
in the range of stimuli from threshold to about 
320 millical./sec./cm.=^, beyond which intensity 
there is an increase in the Weber ratio. An in- 
terpretation of Figure 2 may be made on a basis 
similar to that for evaluations of the Weber Ratio 
for stimuli producing other types of sensation. 
That is, the range of intensities between 220 and 
' 320 millical./sec./cm.® represents the stimulation 
of a type of cutaneous pain for which Al/I = con- 
stant = 0.03. At about 320 millical./sec./cm.® 
another sensory element may have been added to 
the total sensory experience. This agrees with 
the experience that the quality of the pain sensation 
changes at about this point from a definite pricking 
sensation to one with an added burning quality. 
Indeed, this particular sensation has been chosen 
by 1 investigator as the pain threshold sensa- 
tion rather than the sensation of minimal pricking 
pain which begins at about 220 millical./sec./cm.® 
for a 3-second exposure (9). 

c. A scale of pain intensity 

That pain has the property of intensity is well 
recognized. Estimates of the intensity of painful 
sensations have been made commonly in terms 
such as severe, moderate or mild, and, in tlie past, 
the judgments of the subject have been useful in 


experimental and clinical procedures. Although 
it is not possible to say that the sensation induced 
by a given painful stimulus in one individual will 
be exactly reproduced, under apparently the same 
experimental conditions, in another individual, 
on the basis of the observed predictability of be- 
havior and of report this appears to be quite likely. 
Also, useful scales have been devised for other sen- 
sations, such as the scale of visual brightness and 
the scale of the loudness of sound (10). There- 
fore, on the basis of the predictability of sensorj' 
phenomena in general, we might expect to set up a 
sensory scale of pain and, from the data presented 
in Table I, we have made such an attempt. 

The stimulus intensity which gives rise to the 
threshold sensation marks the lower limit of the 
range of effective stimuli. The threshold sensa- 
tion is arbitrarily assigned the value 0, meaning 
simply the beginning of the sensory scale. A 
stimulus which induces the ceiling pain determines 
the upper limit of the scale. 

TABLE II 


Scale of pain intensity 






Amount of 

Stimulus 

Sire of 

Number of 

Number of 

stimulus 

intensity 

1 

step 

steps 

dols 

above 

threshold 

milUcoloriesIsecondtcm.* 



millical./ 

sec.lcmA 

220 



0 

0 

227 

7 

1 



234 

7 

2 

1 

14 

241 

7 

3 



248 

7 

4 

2 

28 

255 

7 

5 



262 

7 

6 

3 

42 

269 

7 

7 



276 

7 

8 

4 

56 

283 

7 

9 



290 

7 

10 

5 

70 

300 

10 

11 



310 

10 

12 

6 

90 

320 

10 

13 



335 

15 

14 

7 

115 

350 

15 

15 



365 

15 

16 

8 

145 

380 

15 

17 



395 

15 

18 

9 

175 

425 

30 

19 



480 

55 

20 

10 

265 

680 

200 

21 




'From Table II, it can be seen that there are 21 
barely perceptible steps between the threshold 
sensation and the ceiling pain. Except under the 
best experimental circumstances, it is not possible 
to distinguish stimuli closer together than 2 steps. 
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Fig. 3. Graphic Representation of Scale of Pain Intensity 


and for this practical reason, the unit for pain 
sensation has been chosen as equivalent to 2 
steps. It is suggested that the term "dol” be used 
to signify tliis unit. The ceiling pain intensity will 
therefore have the value of 10^4 dols, as there are 
21 barely discriminable steps in sensation between 
the pain threshold and the ceiling pain under our 
experimental conditions. Fortunately, as the 
threshold stimulus on the forehead and on the 
forearm is generally very near 220 millical./sec./ 
cm.*, little correction is required of the scale in 
Table II when these skin areas are used. A sen- 
sory scale of pain, such as that presented in Table 
II, is in keeping with tlie assumption of Fechner 
that tile intensitj’ of sensation evoked by a given 
stimulus is equivalent to the number of the dis- 
criminable steps from the threshold sensation. 
Figure 3 is a graphic representation of the rela- 
tionship between the stimulus intensitj*, number of 
discriminable steps, and the dol scale of pain. 
The scale as represented in Figure 3 refers, of 
course, onfy to skin areas which have a pain 
threshold at 220 millical./sec./cm.'. 

There are 2 admntages in setting up a scale of 
pain sensation on the basis of die present data. 


namely: (J) the sensory range is clearly defined by 
the threshold sensation and the maximal possible, 
or ceiling pain sensation, and (2) the intensity of 
the pain can be related to an easily controlled and 
reproducible adequate stimulus. The usefulness 
of such a scale for pain sensation is further indi- 
cated by studies which will be reported in detail 
elsewhere. It permits the quantitative estimation 
of pain intensity above the pain threshold, for 
instance, in the study of the nature of hj'peralgesia 
and the effect of local and general analgesics. It 
also provides a useful reference scale of pain in- 
tensity against which can be made quantitative 
estimates of the intensities of spontaneous!)’ oc- 
curring pain in disease. 

summary and conclusion 

1. Measurements of just noticeable differences 
in estimation of painful stimuli have been made 
with the Hardj’-Wolff-Goodcll pain threshold 
equipment bj’ inducing pain in the skin with 
tliermal radiation. 

2. The effective range of this stimulus is limits] 
bj’ the pain threshold and pain of maximal inten- 
sity. 
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3. Pain induced in the shin by thermal radiation 
has a ceiling intensity and this ceiling pain was 
produced on the forearm by a stimulus intensity of 
680 millical./sec./cmr in a 3-second exposure. 

4. The Weber ratio for pain is approximately 
constant between threshold and about 320 millical./ 
sec./cm.“. An increase in the ratio at this point 
suggests that an additional sensory entity with a 
different quality of pain has been stimulated. 

5. Twenty-one discriminable intensities of pain 
were observed between the threshold pain and the 
ceiling pain. 

6. On the basis of the evidence presented above, 
a scale of pain intensity is proposed, the unit of 
which is called a “dol,” composed of 2 just per- 
ceptible steps in discrimination of stimulus in- 
tensity. 
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In recent papers Bing (1) and Williams (2) 
have proposed formulae which these authors 
believe to be more accurate than the original 
“standard” and “maximum” clearance equa- 
tions of Moller, McIntosh, and Van Slyke (3, 4), 
in expressing the effects of urine volume flow on 
the urea clearance in human subjects. Both 
Bing and Williams base their formulae on the 
data of Moller el al (3). 

The essential test of accuracy of such a formula 
is the consistency with which it permits one to 
calculate, from clearances shown by a subject 
with widely varying urine flows, the clearance 
that he would show with a given constant urine 
flow. Neither Williams nor Bing has applied 
such a test. In the present paper it is applied 
to compare their formulae vdth the original 
equations of Mbller el al, with data from both 
normal and nephritic subjects. The theoreti- 
caXly derived equation of Dole (5), which was 
apparently overlooked by both Williams and 
Bing, is also included in the comparison, and 
tentative conclusions are drawn concerning 
permeability changes in the renal tubules in 
chronic nephritis. 

CLE.A.RANCE FORilXJLAE 

Maximum and standard clearance formulae of Austin 
el al (6), and Moller et al (J). Simultaneous observations 
of urea e-xcretion rates, urine volumes, and blood urea con- 
centrations made by Austin et al (6) and by Moller, el al 
(3) showed that the urea clearance, defined as the volume 
of blood containing the amount of urea e.\creted in 1 
minute, was but little affected by urine flow changes in 
normal human subjects when the flow (per 1.73 sq. m. 
body area) e.\cccded an "augmentation limit" which was 
usually about 2 cc. per minute, but that when the urine 
flow fell below this limit the urea clearance fell with the 
urine flow, the clearance then becoming proportional ap- 
proximately to the square root of the flow. Chesley (7, 8) 
confirmed the square root rule for urine flows down to about 
0.35 cc. per minute, but found that when extreme dehydra- 
tion reduced urine flow below this rate, further reduction in 
flow was accompanied by a more rapid fall in urea clear- 
ance, which then fell in direct proportion to the urine flow, 
rather than to its square root. 

The above empirically observed effects of urine volume 
on the ure.a cle.irance in the 3 respective urine flow ranges 


are expressed by Equations 1, 2 and 3, in which Cv repre- 
sents the clearance calculated as UVIB, for any urine 
volume flow V (in cc. per minute), and U and B indicate 
the concentrations of urea in urine and blood respectively. 

WTien V exceeds the augmentation limit of about 2 : 

1. Ct = Cm = constant for each subject. 

Cm is the “maximum clearance” of Moller ei al (3), and 
averages 75 for normal adults.* 

WTien V is between the augmentation limit and 0.5 cc. 
per minute: 

2. G = Cl -fV. 

Cl, the clearance when F = 1, was called the “standard 
clearance” by Moller et al (3), who found that it averaged 
54 for normal adults. 

Chesley' s formula for maximal urine concentration. WTien 
V is less than 0.35 cc. per minute the value of Ct approxi- 
mates that expressed by Chesley’s (7, 8) formula : 

3 . Cr^RmX V. 

Rm is a constant, the maximum U/B ratio attainable by 
decreasing urine flow to its minimum. The average nor- 
mal value of R„ is about 75. (In nephritis the value of Rm 
may fall to 3 or 4 (9) and be reached with urine volumes 
above I cc. per minute [see Table IVl.) 

Dole's equation. Dole (5) has derived an equation, 
based on estimation of tubular urea reabsorption in ac- 
cordance with Pick’s diffusion law, which covers the effects 
of all ranges of urine flow.* Dole’s equation is: 

4. Cr = Cmfe'"^ = Cr,/antilogio p- 


* Correction for body size in any clearance equation 

is made by using as F the observed 1'' multiplied 

by the factor, 1.73/(sq. meters body area), in the calcula- 
tion of C, as UVIB, and wherever F appears elsewhere in 
the equation. It has been shown (10) that clearances 
varx’ in direct proportion to body area in human subjects 
above the age of 1 year, and that the correction can be 
made by applying the factor 1.73/m*, to F, 1.73 being 
taken as the average adult surface area. 

* Dole expressed his equation as C, *= F X X r"* 
where F is the amount of urea filtered per minute, <t> is the 
fraction (about 0,60) that e,5capes rcabsorption in the 
first fraction of the tubular segments, and f*'*' is the 
part of that fraction that escapes reabwrption in the final 
tubule and achieves excretion as urine. In terms cf the 
nuiximal clearance, C„ ^ F X y, and C, approather. C« 
when F becomes so large that approad.'es unity. 
In Equation 4 we have written Cm in plicc cf F X C. and 


have u^cd t to indicate speci.ffcany the ccr.'Unt i in i. 
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Cm. as in Equation 1, signifies the maximal clearance ob- 
tained with large urine volume flow. Dole’s equation is 
based on the assumptions: (/) that a constant fraction 
(normally about 40 per cent) of the urea in the glomerular 
filtrate diffuses back into the blood from the lumlna of the 
proximal tubules with the "obligatively" reabsorbed water 
(which is estimated to be about 90 per cent of that filtered) ; 
(2) that in a second section of the tubule further reabsorp- 
tion of water, with negligible reabsorption of urea, brings 
the filtrate to its final volume (the urine volume, TO; (d) 
that during passage of a third tubular segment a second 
fraction of the filtered urea is reabsorbed, without water, 
into the blood by passive diffusion, this fraction being 
calculable by Pick’s diffusion law from the permeability 
of the tubular wall of this segment for urea and the final 
volume of the filtrate. Cm represents the cc. of blood that 
would be cleared of urea per minute if, of the total urea 
filtered in the glomeruli the approximately 60 per cent 
that escapes reabsorption in the proximal tubules were all 
excreted, while the fraction is the fraction of the 60 

per cent that finally attains excretion after part has been 
reabsorbed in the third segment. The constant, 6, is the 
product of the surface area of the walls of the third seg- 
ments and their permeability for urea, which Dole esti- 
mates to be of the order of 0.001 of the permeability of 
erythrocytes for urea. The constant b' in Equation 4 is 
b multiplied by 0.4343 to change from exponent of e to 
exponent of 10. If b has a high value in a given subject the 
effect of urine volume change on clearance is high, and 
vice versa. 

We have estimated the approximate mean normal values 
of Cm and b' of Equation 4 as 80 and 0.17, respectively, 
from the data on the 6 normal subjects in Table II of 
Mbller et al (3). The value, 80, calculated for mean 
normal Cm of Equation 4, is higher than the Cm value of 75, 
estimated by Equation 1 as the mean of clearances ob- 
served with urine volumes above an “augmentation limit” 
of about 2 cc. per minute. The Dole equation assumes 
that the clearance increases asymptotically to a maximum 
reached at higher urine output; hence this calculated 
maximum is greater than the mean observed in the V 
range above 2 cc. 

As Dole points out, individual and pathological varia- 
tions in b may be expected. However, application' of 
Dole’s equation to the normal data of MQller et al (3) and 
to their data from patients with Bright’s disease indicates 
that in both normal and nephritic human subjects one can 
calculate for each subject fairly constant results for Cm 
from observed Cv and V values by assuming a value of 0.17 
for b' in all the subjects. 

factor The equation Cr = E X <#> X with 

xt> assumed to be constant, is a simplified form of a more 
complete equation developed by Dole in which the value 
of (f> is expressed as a function of the volume of filtrate 
escaping “obligative” reabsorption in the first segment. 
The mean normal value of 4> is estimated as the ratio, 
(urea clearance with maximal urine flow) : (inulin clear- 
ance), which is about 0.60 in normal men. It is usually 
about the same in nephritis, but may be nearer unity (11). 


Williams' formula. Williams (2), from the data of 
Moller d al (3) on normal subjects, evolved the equation; 
(Z//B)'-“”F = K. This can be transformed into: 

5. Cr = 

where Ci, as in Equation 2, indicates the value of C, 
when F = 1, Cl being 54 for the average normal subject. 

Bing's formula. Bing (1) believes that the most ac- 
curate calculation of Cm can be made by estimating tubular 
reabsorption of urea, not from V, but from the ratio, U/B, 
as indicated by Equation 6, the factor f being a function of 
Z7/J5 that Bing estimated from the data of Moller el al 
(3) on normal subjects. For plotting the curve of / 
against U/B, Bing gives the following pairs of simul- 
taneous values for U/B and/, respectively: U/B 1 to 20, 
/= 1; 30, 1.15; 40, 1.30; 50, 1.43; 60, 1.54; 70, 1.60; 
80, 1.64. With values of/ varying from 1 to 1.64 accord- 
ing to U/B, Bing’s formula is: 

6. C. = Cm/f. 

Although Bing introduced his formula to replace V by 
U/B as a factor determining Cc, it can be shown that Bing’s 
/ is in fact a function of V. By plotting the logarithms of 
U/B against the logarithms of the corresponding/ values 
given by Bing, a straight line is obtained, the equation of 

which is / = ^ 20 ^ ) ~ (U/B)^-^^, and which gives 

Bing’s/ values within ±2 per cent, for values of U/B over 
20 (/being 1 when U/B < 20). Substituting 0.33 (D/B)”-” 

for / in Equation (f, and solving for Cc = gives, as an 

expression of Bing’s formula applicable when U/B ex- 
ceeds 20 : 

7. Cc = 2.24 Cm®-«T^-5?. 

When Cm has the average normal value of 75, the equation 
becomes: 

S. Cc = 52.4 

The value, 52.4, for F = 1, approximately agrees with 
the normal Ci of 54 found by Moller et al (3). 

Equation 8 is used in Figure 1 to include Bing’s formula 
in the comparison of the effects of F change calculated by 
the different formulae for a subject of average normal 
clearance. 

COMPARISON OF RESULTS BY DIFFERENT 
FORMULAE 

Data used. Moller and McIntosh provide 
data on 6 normal subjects (3), for each of whom 
12 to 20 clearances were determined with urine 
volumes varying over the widest ranges obtain- 
able by varying the fluid intake, and for 6 
nephritics with varying degrees of abnormally 
lowered urea clearance, for each of whom from 
9 to 26 clearances were determined with simi- 
larly varied urine volume flows. These data 
are used to compute Tables I to IV. As an 
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additional normal subject, H. A. from a previous 
paper (6) is added : H. A. provides 20 clearances 
with V values well distributed over a wide range. 

Procedure for comparison. To compare the 
relative accuracies with which the different 
formulae estimate the effect of V or U/B on G, 
values of the maximum clearance, Cm, obtain- 
able by high urine flow -for each subject, are 
calculated by the different formulae from the C, 
values obtained with the various observed flows. 
For each individual the standard percentage 
deviation is computed of the Cm values calcu- 
lated by each formula from the mean Cm of the 
subject calculated by that formula. It is as- 
sumed that the most accurate formula will be 
the one that yields the smallest average per- 
centage deviation from the means. 

By any of the formulae except that of Bing, 
one could calculate Ci (clearance when F = 1) 
or the clearance at any other V, instead of Cm. 
Bing’s formula (Equation 6), however, applied 
as given by its author, serves only for calculation 
of the maximum clearance as a function of U/B. 

The self-evident rearrangements of Equations 
1, 4 and 6 to calculate Cm are indicated in the 
column headings of Tables I and II. 

For calculation of Cm by the square root rela- 
tion expressed in Equation 2, the relation is 
expressed as 



where A is the augmentation limit of F, and is 
assumed to be a constant. A is taken as the F 
value at which both Equation 1 and Equation 2 
indicate the same Cv value. If the mean normal 
values of Cm and Ci viz. 75 and 54, are inserted 
in Equations 1 and 2, respectively, both equa- 
tions give the same value for Cr when F = 1.93. 
We have therefore used 1.93 as a constant value 
for A. Substituting 1.93 for A in Equation 9 
gives : 

10 . Cm = a = 1.39 

Equation 10 is used to compute values for the 
clearances by the formula of Moller, McIntosh 
and \’an Slyke (3) in Tables I to IV for urine 
volumes below 1.93 cc. per minute. The as- 
sumption of 1.93 as a constant augmentation 
limit for all the subjects, normal and nephritic. 


introduces a variable error, since, as shown in 
the original papers (3, 4), the augmentation 
limit varies somewhat from subject to subject. 
The results in Tables I to IV indicate, however, 
that the error from assumption of a constant 
value for A is not great in either normal or 
nephritic subjects. The possible explanation 
for the apparent fact that the reduction of 
renal function in nephritis may not greatly 
affect the augmentation limit will be discussed 
later. 

To estimate Cm by Williams’ formula (Equa- 
tion 5) we have calculated, from observed Cr 
values, the clearance for a urine flow of 20 cc. 
per minute. As shown by Figure 1, Williams’ 
formula for the average normal subject indi- 
cates a clearance, when F approaches 20, that 
approximates the 75 cc. value found by direct 
observation (3) as the average normal Cm. 
Also a urine flow of 20 cc. per minute is about the 
maximum obtainable by water diuresis. 

Letting C 20 indicate the clearance obtained 
when F = 20, we have from Equation 5, ac- 
cording to Williams : 

C:o:Cr = (20/10®-®” = 1.32 /F®-«” 
whence : 

11. C 20 = 1.32Cr/l^'’” 

The C 20 calculated by Equation i/ is given in 
tables as the Cm calculated by Williams’ formula. 

RESULTS OF COJfPARISONS 

The means and standard de\dations of the 
series of normal subjects of Moller, McIntosh, 
and Van Slyke (3) are given in Table I, those 
of their nephritic subjects (4) in Table II. 
Tables III and IV give the complete data on 
normal subject H. A., and on the nephritic, Gia, 
who showed the lowest clearance values of the 
group in Table II. 

The relative accuracies of the different for- 
mulae applied to 3 normal subjects arc illustrated 
by Figure 1. The curves arc calculated for the 
h\-pothetical average normal adult; they rep.-e- 
sent C, ^■alue3 calculatc-d by the indicated equa- 
tions with mean normal \-alue3 for their con- 
stants. Subject H. is a normal man whose 
constants closely approximate these values. 
The points for very low urine volumes are taken 
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Fig. 1. Comparison of Observed Relation of Urea Clearance and 
Urine Volume with Relations Calculated by the Indicated Formulae 
FOR THE Average Normal Subject. The number in parentheses on each 
curve indicates the number of the equation, in the te.xt, by which the curve 
is calculated. 


from data of Chesley (8) on 2 subjects] who 
gave Rm values approximating 75. The curves 
illustrate the facts that Dole’s theoretical equa- 
tion appears to apply adequately to all urine 
volumes, that the 3 empirical equations of 
Moller et al (3) and Chesley (7, 8) represented 
by the broken-line curve, 1-2-3, fit approxi- 
mately within their respective ranges of urine 
flow, and that the Bing and Williams formulae 
are less accurate, especially for low urine flows. 

From Tables I and II it is evident that C« 
values calculated by the formulae of Bing and 
Williams show consistently for each subject, 
both normal and nephritic, greater standard 
deviations from the mean of the subject than 
do Cm values calculated by the original "maxi- 
mum” and "standard” clearance formulae of 
Moller, McIntosh and Van Slyke (3), or by the 
equation of Dole (5). 

Tables III and IV show how the errors of both 
the formula of Bing and that of Williams are 


particularly great when these formulae are ap- 
plied to clearances observed with low urine 
flows, where error in relating maximal water 
reabsorption to urea reabsorption in the tubules 
becomes most apparent. 

That the standard deviations of individual 
Cm values in Tables I and II are not significantly 
greater for Cm calculated by the formulae of 
Moller et al than by Dole’s equation, is attribut- 
able to the fact that but few of the urine flows 
in the observations recorded were below 0.5 cc. 
per minute. The results confirm Dole’s con- 
clusion with regard to clinical use of clearance 
formulae, that "the 'maximal’ and 'standard' 
urea clearance formulae are adequate for their 
purposes, except for conditions of unusually 
small urine flows.” 

The conclusions concerning the relative ac- 
curacy of the "maximum” and “standard” clear- 
ance formulae compared with Williams’ expo- 
nential formula reached by the above analysis 
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TABLE I 

Normal subjects. Variability of maximal urea clearance, Ca, calculated from observed 
clearance, Ct, by different formulae * 

Figures in parentheses indicate percentage of average normal C„.t 


Fonnulae 


Subject and 
no. of 

observations 

Range of 
urine 
volume V 

M. M. and V. S. (3) 
C..=Cwhen V>1.93 
C-=1.39 C./VV 
when V<1.93 

Bing (1) 
when U IB <20 
Cr, =/C. when U/B >20 

Williams (2) 

Cm =132 C./F" "” 

Dole (5) 
Crt=C»Xantaog 

V 



Mean 

St. dev. 
from mean 

mgm 

mEm 

St. dev. 
from mean 

Mean 

C« 

St. dev. 
from mean 

Mean 

Oi 

St. dev, 
from mean 


! c^. fer minute I 

' per cent 

cc» per minute 

per uni \ 

u. per minute 

Per urj ! 

u. per minute 

Per unt 

L. L. 

12 

0.47 to 
12.33 

79 

(105) 

±14.5 

83 

(111) 

±14.3 

79 

(111) 

±21.1 

86 1 
(108) j 

±12.2 

J. F. M. 

12 

0.60 to 
8.58 

68 

(91) 

±12.7 

70 

(93) 

±17.4 

71 

(100) 

±19.3 

75 

(94) 

±12.0 

A. H. 

12 

0.57 to 
10.83 

64 

(85) 

zhlO.3 

i 

1 

66 

(88) 

±22.0 

67 

(94) 

±22.9 

71 

(89) 

±14.1 

W. N. 

13 

0.37 to 
12.50 

71 

(95) 

±13.6 

73 

(97) 

±24.1 

70 

(99) 

±22.1 

78 

(97) 

±14.1 

V. S. 

14 

0.50 to 
16.25 

83 

(111) 

±11.3 

86 

(115) 

±14.6 

82 

(115) 

±19.9 

90 

(113) 

lirll.S 

J. C. B. 

20 

0.80 to 
12.47 

61 

(81) 

±10.2 

59 

(79) 

±14.6 

65 

(92) 

±16.4 

65 

(81) 

±11.6 

H. A. 

20 

0.32 to 
13.40 

72 

(96) 

± 9.2 

1 

71 

(95) 

±19.4 

69 

(97) 

±24.9 

80 

(100) 

± 7.2 

Mean 


71 . 
(95) 

±11.8 

72 

(96) 

±16.5 

1 

72 

(101) 

±21.0 

m 

1 ±11.8 


• Figures for first 6 subjects include all the data on Table II of Moller, McIntosh, and Van Slyke (3), except one 
obviously erroneous clearance of W. N. Data on H. A. are from Austin, Stillman, and Van Slyke (6), 

t Average normal values assumed are 75 for Cn by the equations of M. M, and V. S. and Bing, 71 for Cu calculated 
from Cl of 54 by Williams’ equation, 80 for Cr. by Dole’s. 


are contrary to the conclusion of Williams based 
on the same data, in so far as the normal sub- 
jects are concerned, which were the’ only group 
considered by Williams. The difference ap- 
pears to be due to different statistical procedures 
used by Williams and by ourselves in estimating 
the accuracy of the respective formulae. Wil- 
liams calculated V from observed x’alues of UJB 
both by his formula and by the “maximum” 
and “standard" clearance formulae (Equations 
1 and 2), using for all subjects average normal 
values of the constants of the respective equa- 
tions. He calculated as d for each equation the 
mean difference between the 1’ values thus 
calculated and the observed T’ values. His 
formula gave the lower mean d, and he therefore 


concluded that it was the more accurate. In 
these calculations Williams used for all subjects 
as constants the values of Ci or C„, viz. 54 and 
75, found by Moller et al (3) as the average for 
normal adults. Thus the equations used (from 
Equations 5, 1 and 2, respectively) to calculate 

( R \ I.ISJ 

54 (Williams 1123). 

E = (Moller cl al for V over 1.93) and 

r = ( ^* ■!') (•’^^ollcr cl al) for V < 1.93. The 

use of the same C„ and Ci values for every sub- 
ject of the group introduces errors into the V 
values calculated when the actual C„ and C; of 
any subject de\'i3te from 75 and 54, and are 
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TABLE H 

Nephritic patients. Variability of maximal urea clearance, C„, calculated from observed clearance, 
Cv, by different formulae. Data of Mollcr, McIntosh and Van Slyke (,4) 

Figures in parentheses indicate percentages of average normal.* 


Formulae 



Range of 

M. M. and V. S. (3) 
Cm —Cf 
when ^>1.93 

Bingtl) 

Cm =C* 

when £/ /a <20 

Williams (2) 


Cm- 

Dole (5) 

= C,XantiloK pr 


Subject 

urine 

volumes 

Ft 

Cm = 1.39 C./VF 
when V <1.93 

1 

1 

i Cm 

i when C jB >20 



With 6' =0.17 
for all subjects 

With estimated best b’ 
for each subject 



Mean 

Cm 

1 

St. dev. 
from 
mean 
Cm 

Mean 

Cm 

St. dev. 
from 
mean 
Cm 

j 

Mean ! 
Cm 

1 

St. dev, ' 
from 
mean 
Cm 

Mean 

Cm 

St. dev. 
from 
mean 

Cm 

■ 

Mean 

Cm 


Chi. 

9 

cc. per 

0.28 to 1 
9.27 ! 

BH 

Em 

per cent 

±12.3 

cc. per 
miitule 

78 

(104) 

per cent 

±23.8 

cc. per 
minute 

74 i 
(104) 

per cent 

±26.0 

CC, per 
ininitic 

97 1 

(121) i 

per cent 

±13.0 

0.13 1 

i 

cc. per 
minute 

85 

per cent 

± 9.3 

Jac. 

24 

0.32 to 
6.37 

1 

31.3 

(39) 

± 8.0 

24.8 

(33) 

±25.7 

29.8 

(42) 

±24.4 

34.3 

(43) 

± 8.5 

0.19 

i 

36.0 

± 8.4 

Cic. 

18 


24.8 

(31) 

±18.9 

1 

19.3 

(26) 

±32,2 

23.2 

(33) 

±29.4 

27.3 

(34) 

±18.9 

0.21 

30.2 

±14.3 

Val. 

26 

0.66 to 
5.99 

17.4 

(22) 

±12.1 

13.3 
(18) 1 

±13.0 

16.7 

(23) 

± 8.5 

18.7 

(23) 

± 9.6 

0.09 

j 

i 15.6 

± 7.1 

Wolf 

20 

0.81 to 
3,55 

11.7 

(14.6) 

±17.0 

11.2 

(14.9) 

±21.9 

13.7 

(19.3) 

±19.3 

13.6 

(17) 

±15.2 

0.33 

16.3 

±14.5 

Gia. 

14 

0.71 to 
3.96 

11.0 

(14.7)’ 

±10.9 

8.7 

(11.6) 1 

±22.3 

11.1 

(15.6) 

±18.2 

12.1 

(15.1) 

±11.1 

1 

0.24 

14.1 

± 9.5 

Mean standard deviation 

±12,7 


±23.1 


±21.0 


±11.6 

0.20 


±10.5 


* See footnote t of Table I. 

t Values of V are corrected for body size by multiplying observed V by the factor 1.73/sq. meter surface area (10). 
I One clearance of subject Wol. is omitted from the calculations because of obvious error in the data. 


particularly large when the square root formula 
is applied, because with this formula the error of 
the calculated V increases as the error of the 
square of the assumed Ci- In the case of 
normal subject J. C. B. (3), with a Ci value of 
41, the use of 54 yields calculated V values with 
a plus error of almost 100 per cent. Such 
errors could be cancelled only by the use 
of a large series of subjects. The statistical 
procedure of Williams compares the results ob- 
tained by adding errors from 2 sources: (i) the 
error of each formula in expressing the relation 
of F to Cv, and (2) the error caused by using the 
group constant for each subject. The difference 
between his results and ours appears attributable 
to predominance of errors from the second source 
in his calculated F values. 


Significance of non-decrease of the atigmeniaiion 
limit and the constant, b, of Dole's equation 
in nephritic subjects as indication of 
increased ttcbular permeability 
to xirea 

It was a matter of surprise to Moller et al (4) 
to find that in patients with glomerular nephritis 
and markedly reduced clearances the augmenta- 
tion limit was usually of the same order of mag- 
nitude as in normal subjects. If the disease 
process affected renal function by inactivation 
of part of the nephrons, corresponding to the 
destroyed glomeruli seen histologically, while’ 
the remaining nephrons functioned normally, 
one might expect that the augmentation limit 
would fall parallel with the number of function- 
ing nephrons, and hence with the clearance. 
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TABLE m 


Maximal urea clearance of a normal subject calculated from 
observed clearances with different urine volume flows 
{Subject H. A, [(5]) 


Urine 

volume 

V 

Obsen-ed 

Maximal clearance, C«, calculated by 
different formulae from 
observed clearances 


Equa- 
tions of 
M. M. 
and V. S. 
(3) 

Formula 
of Bing 
(1) 

* Equa- 
tion of 
Williams 
(2) 

Equa- 
tion of 
Dole (5) 
with 

V = 0.17 

cc. Per : 

0.326 

.355 

.368 

.674 

.694 

.722 

.756 

.800 

.826 

.917 

1.26 

1.35 

1.925 

2.46 

2.95 

2.99 

7.50 

9.64 

10.40 

13.40 

minute 

25.5 

26.3 

27.6 
45.9 

42.5 

45.1 

43.5 

47.8 

47.4 

50.5 
60.0 

51.8 

59.6 

76.2 

77.0 

72.5 

84.0 

68.8 

79.5 
81.4 

cc. Per 
minute 

62 

65 

64 

78 

71 

74 

70 

74 

72 

73 

74 

62 

60 

76 

77 

72 

84 

69 

79 

81 

cc. Per 
minute 

42 

45 

45 

74 

66 

70 

66 

72 

73 

75 

85 

66 

69 

89 

84 

87 

84 

69 

79 

81 

cc, per 
minute 

37 

40 

40 

63 

58 

61 

58 

64 

64 

! 77 

66 

74 

92 

92 

86 

93 

74 

84 

84 

cc, per 
minute 

84 

79 

80 

83 

75 

78 

73 

78 

76 

78 

82 

69 

73 

90 

88 

83 

88 

72 

83 

84 

Mean: 





* 

cc. per minute 

72 

71 

69 

80 

Per cent oj average 

96 

95 

97 

100 

normal 





Standard deviation 





from 

mean: 





cc. per viintite 

±6.6 

±13.8 

±17.2 

±5.8 

per cent of mean 

±9.2 

±19.4 

±24.9 

±7.2 


From the same conception one would expect 
the constant, b, of Dole’s equation to fall parallel 
with the clearance. This constant is defined by 
Dole as the product, b = a X h, where a repre- 
sents the total area of the walls of the distal 
segments of the functioning tubules and h repre- 
sents the permeability of the walls of the distal 
segments for urea. Destruction of part of the 
nephrons, and consequent decrease in the area, 
a, would result in a proportional decrease in b, 
unless the permeability, h, were increased in the 
tubules that remained functioning. It appears 
probable that sucli a permeability increase oc- 
curs, and provides an explanation of 2 aspects of 
renal function in advanced nephritis, ^'i 2 . (J) the 
maintenance of the augmentation limit near the 
normal 2 cc. of urine per minute, and of the b 
constant at normal, or even higher than normal 


levels, in many cases, and (2) the inability of the 
damaged kidneys to excrete urine with high 
urea concentration. 

We have estimated values of b' of Equation 4 
for the 6 nephritic jiatients of Table II by plot- 
ting smoothed curves of Cv against V, and using 
values of and V from points on the upper and 
lower parts of each curve, respectively, to calcu- 
late bj’- simultaneous equations the constants. 
Cm and b' of Equation 4. The results are given 
in the last 3 columns of Table II. Only in 
case Wol. is the b' value markedly lower than in 
normal subjects, and the average, 0.20, is higher 
than the value 0.17 found as the mean for the 
normal subjects in Table I. In patient Val., 
despite the fact that the nephritis was so far 
advanced that the urea clearance was only f of 
normal, the augmentation limit was so high that 
urine volumes up to 3.5 cc. per minute failed to 
locate the limit, and the b' value, 0.33, was twnce 
the normal. One might deduce that the perme- 
ability of the functioning tubules for urea was 
10-fold normal. 

The apparent reason for such behavdor is that 
these tubular segments (presumably the distal), 

TABLE r\' 


Maximal urea clearances of nephritic patient Gia. calculated 
from observed clearances with different 
urine volume flews 


Urine 

vol- 

ume 

V 

Ob- 

served 

clear- 

ance 

O' 

B 

Maximal clearance. Cm,, calculated by different 
formulae from observed clearances 

Equa- 
tion of 
.M. M. 
and 

V. S. 
(3) 

Formula 
of Bing 
(1) 

Equa- 
tion of 
Wil- 
liams 
(2) 

Equation of 
Dole (5) 

iS 


ec. per minute 

rclh 

ec, per minute 

cc. 

per minute 

0 71 

5.5S 

8.0 

9.2 

Same as C* 

7,6 

9.7 

12.2 

0,76 

6.76 

8.9 

10.S 

Same as C« 

9.1 

IIJ 

14.0 

OSS 

7.62 

9.0 

IIJ 

Sam.easCr 

10.2 

12.1 

14.6 

0,8S 

7.04 

8.6 

10.4 

Same as C* 

9.4 

11.0 

13.2 

0.92 

8.01 

8.7 

11.6 

Same as C* 

10.7 

12J 

14.6 

0.92 

8.46 

9.2 

12J 

Sa.me as C* 

11.2 

12.9 

14.6 

0,97 

7.50 

7 7 

10.6 

Sam-e as C* 

9.9 

11.2 

13.2 

0.99 

9.07 

9.1 

11.7 

Same as C« 

12.0 

UA 

14.8 

l.ll 

9.70 

8.7 

12.S 

Same as Cm 

12.7 

13.8 

15.9 

2.17 

10.11 

AS 

lO.l 

Same a* C* 

12.4 

12J 

13/» 


12.20 

ss 

12JJ 

Sir-.r a; C. 

U.< 


143 

3.96 
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where urea reabsorptiori is variable in the still 
functioning nephrons, are damaged in such a 
manner that they have an increased permeability 
to urea, so that urea concentration in the urine 
issuing from them must be kept at a lower level 
than in the normal tubule in order to prevent 
reabsorption of urea from becoming significant. 
In order to keep the urea concentration at the 
necessary lower level the volume of urine issuing 
per minute from each tubule must be kept 
greater than in the normal tubule. The perme- 
ability of the tubules approaches that observed 
by Richards (12) in the kidneys of frogs poisoned 
with mercuric chloride, in which the permeability 
was so increased that, although glomerular filtra- 
tion appeared even more active than normal, the 
filtrate was completely reabsorbed in the tubules, 
with resultant anuria. 

By maintaining a sufficiently large urine 
volume the nephritic kidney can apparently pre- 
vent the reabsorption of urea from exceeding the 
40 per cent observed in the normal human kid- 
ney when urine flows exceed about 2 cc. per 
minute, but in order to prevent greater reabsorp- 
tion the nephritic kidney must maintain a higher 
ratio of urine flow to glomerular filtrate than the 
normal kidney. 

As a consequence of this condition, the U\B 
ratio of urea concentrations at the augmenta- 
tion limit does not remain, in the nephritic 
kidney, at the normal level 20:1 as assumed by 


Bing (1), but falls progressively as the function- 
ing tubules become more damaged, e.g., in the 
case in Table IV the U:B appears to be in the 
neighborhood of 3 or 4 when urine flow nears the 
augmentation limit. 

Significance of urine volume in maintaining 
elimination by the nephritic kidney 

Lashmet and Newburgh (13) and Marriott 
(14) have emphasized that in nephritis main- 
tenance of a large flow of urine is necessary when 
ability to concentrate is decreased. Figure 2 
indicates how a study of the urea clearance with 
different urine volumes in tlie individual patient 
can indicate the volume output that is needed to 
appro.ximate maximal efficiency of urea excre- 
tion. Cases Val. and Wol. both had about the 
same urea clearance, 20 per cent of normal when 
their urine volumes were as high as 4 cc. per 
minute. When the urine flows of the 2 patients 
were diminished, however, they showed markedly 
different effects. Val. maintained his clearance 
at approximately the same level until the urine ' 
output fell to about 1.2 cc. per minute, while 
in the case of Wol., fall of urine volume to 1.2 cc. 
per minute was accompanied by a drop of 40 
per cent in the urea clearance below its value 
when urine flow was 3 or 4 cc. It appears that 
in Val. a daily excretion of 1.7 liters per 24 hours 
(1.2 cc. per minute) sufficed to obtain nearly 



Fig. 2. Different Effects of Urine Volume Flow on Urea Clearance 

IN 2 Nephritic Patients 
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maximal efficiency of urea excretion, while in 
Wol. 3 times as great a volume was needed. 

smisiARY 

The “maximum” and “standard” urea clear- 
ance formulae of Moller, McIntosh, and Van 
Slyke have been compared with formulae pro- 
posed by Bing, by Williams, and by Dole 
for estimating the effect of urine volume on urea 
clearance. The accuracy of the respective 
formulae has been estimated by comparing the 
constancy with which the maximal clearance, 
obtainable with high urine- volume, could be 
calculated from clearances observed with lower 
urine volumes by the respective formulae for 
each of a number of normal and nephritic 
subjects. 

The formulae of Bing and of Williams proved 
to be less accurate than those of Moller et al 
and of Dole. 

The conceptions of Dole’s theoretically de- 
rived formula have been used to explain, from 
increased permeability of damaged renal tubules, 
the different effects of urine volume on urea ex- 
cretion in different nephritic subjects, and the 
loss in nephritis of ability to excrete urine of high 
urea concentration. 

Examples are given indicating that, b\’’ ob- 
serving the effect of urine volume on urea clear- 
ance in nephritic patients, it may be possible 
to estimate the urine volume flow required for 
optimal urea excretion. 
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Haag and Larson (1) demonstrated in 1942 
that in the case of nicotine the extent of urinary ex- 
cretion of a chemical may be related to the reac- 
tion of urine. They emphasized the importance of 
taking into consideration the dissociation con- 
stant of a drug and the relative reabsorbability of 
the free and dissociated base. Extending these 
studies to the urinary excretion of quinine in man, 
Haag, Larson and Schwartz (2) found in 1943 
that the urinary output could be doubled by passing 
from an alkaline to an acid urine and they ascribed 
the difference to greater resorption of quinine 
from the urinary tract when the urine is alkaline. 

In connection with studying the behavior of 
newer antimalarial drugs in man, the extent of 
the influence of urinary acid-base balance upon 
renal excretion was re-examined. Parallel studies 
by Emerson and Dole (3) indicated that renal 
clearance of quinacrine is subject to 100-fold vari- 
ations due principally to 2 variables, the urinary 
pH and the renal plasma flow. Work conducted 
at the same time by the Army Malaria Research 
Unit at Oxford (4) emphasized the striking 
parallelism between urinary excretion of quin- 
acrine and ammonia. They found that the ratio 
of urinary quinacrine to urinary ammonia is di- 
rectly proportional to the plasma quinacrine con- 
centration. Trager and Hutchinson (5) in 1946 
similarly found the urinary excretion of quin- 
acrine to be closely correlated with the urinary ex- 
cretion of ammonia. 

The present investigation was designed to as- 
certain the effect of oral ingestion of alkali and 
acid upon the renal excretion of this general type 
of organic compound. The substances selected 

1 This work was carried out under a contract recom- 
mended by the Committee on Medical Research between 
the Office of Scientific Research and Development and 
New York University. 


for study were quinacrine, chloroquine (SN- 
7618), and santoquine (SN-6911). 

METHODS AND MATERIALS 

The patients utilized in this study were from the 
middle and older age groups. No restriction was placed 
on the diet or upon water intake during the observations 
and the patients were permitted the freedom of the ward. 
All drugs were administered orally and according to a 
single general do'sage pattern. A high initial dose was 
administered during the first 24 hours and this was fol- 
lowed by the serial administration of smaller maintenance 
doses. Several days were allowed to elapse for the 
stabilization of the plasma drug concentration before 
observations were begun. 

Alkali was administered orally in the form of sodium 
bicarbonate at a total daily dose of 20 grams. This was 
given in doses of 2.5 grams at 2-hour intervals during 
the day for 7 doses and once during the night. Acid was 
administered orally in the form of ammonium chloride at 
a total daily dose of 8 grams. The dosage schedule was 
the same as for the bicarbonate, each dose being 1.0 gram. 

Plasma and urine estimations were performed by 
methods developed by Brodie. Quinacrine was deter- 
mined fluorometrically by the single extraction procedure 
using ethylene dichloride (6) ; the alkaline wash was 
used in the urine determinations but not in the plasma 
determinations. The ethylene dichloride extract was 
made acid with trichloracetic acid (Masen [7]). San- 
toquine was estimated by the colorimetric procedure 
depending upon a salt formation with methyl orange 
(Brodie et al [8] ). 

The recently developed specific method (1947) for 
the analysis of chloroquine (9), involving the use of 
heptane and alkaline washes, was not yet available at 
the time of the present study. The procedure used in- 
volved the extraction of chloroquine with ethylene di- 
chloride at pH 11, followed by the return of the drug 
to dilute acid. The acid solution was buffered at pH 
9.5 and subjected to ultra-violet irradiation for a 1-hour 
period. Concentration was estimated by measurement 
of fluorescence generated by the irradiation. This pro- 
cedure includes in the measurement interfering degrada- 
tion products of chloroquine which are found in plasma 
to the extent of 20 to SO per cent. However, it is quite 
specific for urine since only negligible amounts of these 
degradation products appear in urine. 
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Urine pH was determined in all cases on freshly voided 
urine samples using a glass electrode. No precautions 
were taken to maintain CO„ tensions in the transfer of 
fluid. Consequently the data on urinary pH must be 
taken as close approximations rather than precise estima- 
tions of the pH of bladder urine. During the period of 
alkali administration the urinary pH rose to values be- 
tween 7.5 and 8.0; during the acid period the pH fell to 
values of 4.0 to 5.0. 

RESULTS 

Qmmcrine 

The experimental data obtained on 4 patients 
receiving maintenance doses of 0.2 and 0.3 grams 
of quinacrine dihydrochloride are summarized in 
Table I. The amounts and concentrations noted 
are expressed in terms of free base. The control 
values for the renal excretion of quinacrine varied 
from 1 to 3 per cent of the daily dose. Excre- 
tion was reduced to 0.07 to 0.3 per cent of the 
daily dose during alkalinization and increased to 2 
to 6 per cent during acidification. There was in 
individual cases a 14- to 25-fold increase in going 
from one state to the other. As is to be ex- 
pected, such a change is not reflected in the plasma 
quinacrine concentration since the extent of renal 
excretion in relation to the oral dose is low in all 
cases. The plasma level of quinacrine remained 
roughly constant in 1 patient who was at equi- 
librium before the observations were begun, and 
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The influence of orally administered alkali and acid on the 
renal excretion of chloroguine {SN-7618) 


Patient 

Si. 

Wo. 

Ke. 

AI. 

. Ch. 


ZOO 

400 

400 

400 

400 

Drug intake 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 


per day 

per day 

Per day 

per day 

ter day 


Urinary 

Urinary 

Urinary 

Urinary 

Urinary 


excre- 

excre- 

excre- 

excre- 

excre- 


tion 

tion 

tion 

tion 

tion 



milligi 

ems per 2. 

4 hours 



113 

30 

133 

62 


Control period 

104 

105 

84 

no 

no 


75 

99 

119 

103 

60 

NaHCO, 

47 

55 

53 

136 

60 

ZO grams daily 

24 

26 

34 

79 

27 

for 3 days 

41 

17 

37 

61 

30 

NH.Ci 

119 

54 

119 

147 

103 

S.O grams daily 

188 

75 

208 

192 

80 

for 3 days 

137 

114 

205 

317 



increased as a more or less linear function of time 
in the 2 who had not as yet achieved an equilib- 
rium plasma quinacrine concentration. 

Cliloroqniiie 

The experimental data obtained on 5 patients 
receiving 0.2 or 0.4 grams of chloroquine dail}'’ 
are summarized in Table II. The daily excretion, 
in terms of percentage of the daily dose, was high 
in all patients as compared to quinacrine. This 
varied in the case of chloroquine, from 15 to 50 


TABLE I 


The influence of orally administered alkali and acid on the renal excretion of quinacrine 


Patient 

\Vr. 

Wo. 

1 Ni. 

1 

Na. 

Drug intake 

300 mgm. 

. Per day 

ZOO mgm. per day 

ZOO mgm. Per day 

ZOO mgm 

per day 


, Urinary* 

Plasma 

Urinary 

Plasma 

Urinar>' 

PIa«ma 

Urinar>* ' 

Plasma 


1 excretion 

level 

excretion 

level 

excretion 

level 

excretion ' 

level 

Control period 

mgm. per 

Z4 firs. 

Af. trr L. 

nfn. ffr 

Z4 hrs. 

Pf. ter L. 

msm. per 

Z4 krj. 

pr. fer L. 

m.gm.per 
\ Z4 krs. 

1 

vz-trr I.. 

2.92 







7.47 


4.63 

54 

1.93 

23 

7.14 



5.98 

81 

3.7 


0.80 

31 


50 



1 






54 

NaHCO, 

ZO grams daily for 3 days 









1.32 


1.73 

40 

0.33 


1 

1 2.1 



0,9 


0.66 

j 

0.27 

4S 

0.79 

' 87 


0.98 



59 

0.13 

55 

1 0.42 

! 97 

NH.Cl 

S.O grams daily for 3 days 

5.SS 


6.65 


! 

0.1-; 

imii 

■■ 



13.6 

13.9 


S.25 

48 

1.8 
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per cent in the control periods ; was reduced to 7 
to 20 per cent during alkalinization and was in- 
creased to 20 to 90 per cent during acidification. 

Santoquine 

Observations on santoquine were limited to a 
single individual. However, they were designed 
to stress the effects of changes in the renal excre- 
tion of drug upon the maintenance of the plasma 
santoquine concentration while on a constant drug 
intake. Each phase of alkali and acid administra- 
tion was of 5 days’ duration and 2 complete cycles 
of alkali-acid treatment were obtained (Table III). 


TABLE III 

The influence of orally administered alkali and acid on the 
renal excretion of santoquine {SN-6911) 

Patient McK. 

Drug intake; 400 mgm. per day 



Urinary 

excretion 

Plasma 

concentration 


mgm. per 

tnicrogratns 


24 hrs. 

per liter 


154 


Control period 

107 



202 

410 


190 

400 

NaHCOs 

36 

1 

12.0 grams daily 

77 


for 5 days 1 

56 



82 

630 


90 


NH4CI 

384 

738 

6.0 grams daily 

290 

685 

for 5 days 

249 



266 

418 


199 


NaHCO, 

49 

432 

20.0 grams daily 

37 


for 5 days 

60 

775 


40 

1010 


166 

' 

NH4CI 

181 

881 

8.0 grams daily 

191 


for 5 days 

149 

343 


183 

324 


It should be noted that a large portion of the 
daily dose of santoquine is excreted in the urine. 
This was perhaps more in the patient utilized than 
is usual. During the control period average renal 
excretion accounted for 41 per cent of the daily 
dose. This was decreased to an average of 16 
per cent during tlie first alkalinization and in- 
creased to an average of, 64 per cent during the 


first acidification. Similar results were obtained 
during the second cycle. 

As is to be expected in such a circumstance, the 
plasma santoquine concentrations reveal a cycle 
which can be correlated with the intervals of low 
and high- renal excretion. During the alkaline 
phase of low drug excretion, the plasma level 
slowly rose; during the acid phase of high ex- 
cretion, the plasma level fell. • 

DISCUSSION 

It is apparent from the data that the renal ex- 
cretion of the anti-malarial drugs is dependent 
upon a series of variables in addition to the con- 
current plasma concentration. These variables 
are of sufficient importance in the determination 
of the renal drug excretion, that the latter may 
not be used directly as an approximation method 
to estimate the general level of the plasma drug 
concentration. 

The refinement introduced by the British 
workers (4) involving the simultaneous measure- 
ment of urinary ammonia and quinacrine does 
permit of an indirect determination of plasma 
quinacrine from measurements on urine alone. It 
appears to us that ammonia excretion may be 
governed by urinary acid-base balance in a man- 
ner similar to the other weak organic bases, such 
as the anti-malarial drugs. The ammonia meas- 
urement provides an index of variation in urinary 
acid-base balance. By taking the quinacrine con- 
centrations in relationship to ammonia excretion, 
the Oxford workers were able to eliminate the var- 
iable of pH. Trager and Hutchinson (5) seem 
to ascribe a causal role to ammonia in promotion 
of urinary excretion; it appears far more likely 
that ammonia and quinacrine excretions are con- 
comitantly altered in a similar manner by urinar}’’ 
changes in hydrogen ion concentration. 

The experimental data are interesting for yet 
another reason. It must be assumed that at least 
a portion of the drug eliminated by the kidneys is 
excreted by a process other than glomerular filtra- 
tion. This follows from a consideration (in the 
case of quinacrine) of the extent to which it is 
bound to the non-diffusible constituents of plasma 
(some 80 to 90 per cent of the total) and the ob- 
served rates of excretion. The mechanism re- 
sponsible for such tubular excretion as occurs ap- 
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pears to he quite different from those responsible 
for the tubular excretion of such substances as 
phenol red, creatinine, diodrast, etc. The latter 
manifest considerable stability whereas this does 
not obtain for the tubular excretion either of 
quinacrine or of chloroquine and santoquine. 

Data are not available with which to define the 
mechanisms involved though there is sufficient 
to warrant certain reasonable speculations. It is 
suggested that a small portion of the excreted 
anti-malarial drug is filtered at the glomerulus, 
the amount determined by the glomerular filtra- 
tion rate, and the concentration of tmbound drug 
in plasma water. A second portion is considered 
to be added to this in the proximal segment by a 
process of active tubular excretion similar to the 
conventional processes considered above. The 
combined filtered and secreted drug is presented 
to the distal segment of the nephron in concen- 
trated form due in part to the reabsorption of 
water in the proximal tubule and loop of Henle. 
In the distal segment, a process of adjustment of 
hydrogen ion concentration takes place followed 
by equilibration of drug across the tubular mem- 
brane. The data are in keeping with the assump- 
tion that free base is more freely diffusible across 
the cells of the distal segment tlian the mono- 
acidic and diacidic salts of the drugs studied. 
Such being the case there may be expected to be 
net gain or loss of drug depending upon the re- 
lation between the hydrogen ion concentration of 
the tubular urine and that of peritubular fluid 
(ca. 7. 34). Alkalinization of the tubular urine 
would increase the proportion of drug in tlie form 
of free base and in this way would promote reab- 
sorption; acidification would counteract reabsorp- 
tion by reducing the proportion of free base. A 
somewhat similar mechanism has been suggested 
to cover the renal tubular excretion of neutral red 
in the amphibian kidney (10). 

The observation of Trager and Hutdiinson (5) 
tlrat the plasma quinacrine level rose soon after 
oral ingestion of large doses of ammonium cliloride, 
would seem to provide anotlier basis for lire al- 
tered urinary excretion. The ele\'ation in plasma 
level observed in their experiment is of brief dura- 
tiorr and is in keeping with the increased plasma 
levels observed in dog experiments (11) in which 
acute acidosis was produced by CO. administra- 


tion. The plasma quinacrine measurement in the 
present study revealed no significant changes in 
level since by design the blood sampling and am- 
monium chloride administration were timed to 
elicit only sustained changes. The promotion of 
urinary excretion of quinacrine by ammonium 
chloride appears to us not to be secondary to 
plasma drug elevation but rather a direct result of 
the acid urine counteracting drug reabsorption in 
the tubules. 

Relatively large changes in excretion rate are 
expected to be reflected in changes in the plasma 
drug level on a constant regimen of oral dosage 
only when the absolute rate of excretion of the 
substance is high. This phenomenon is brought 
out strikingly in the patient receiving santoquine. 
During the acid periods drug excretion amounted 
to as much as 50 to 75 per cent of the orally ad- 
ministered dosage. The effective dosage was 
thereby reduced to % or % of the actual adminis- 
tered dose. During the alkaline period, the per 
cent of drug excretion was small, namely 20 per 
cent of the ingested dose. Under these circum- 
stances, the effective oral dose was as high as 80 
per cent of the actual administered dosage. 

Quinacrine excretion, though markedly altered 
by acid-base changes, remains in all circumstances 
such a small percentage of the orall)' administered 
dosage that changes in renal elimination would 
not be reflected in the maintained plasma level. 
The changes in drug excretion, from 0.2 per cent 
during the alkaline period to 4 per cent in the 
acid period, would not reduce the effective oral 
dosage to an appreciable extent. The actual meas- 
urements on quinacrine plasma levels in the pres- 
ent experiment showed no cjxlic fluctuation in 
acid and alkaline phases as were obserwd with 
santoquine. 

One tlierapeutic implication of tlie above results 
is obrious. When toxicity is encountered during 
the administration of certain anti-malarial drugs, 
addification of tlie urine by ammonium chloride 
would promote renal excretion of the drug. Ef- 
fectiveness of such therapy should be good only 
with drugs of high excretion rate such as diloro- 
quine and santoquine. With a drug like quinacrine 
whidi is excreted in the urine to only a slight 
degree even upon acidification, such tr.erapy sh.ould 
have little ■value. 
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SUMMARY 

1. The oral administration of ammonium chlo- 
ride increases the renal excretion of quinacrine, 
chloroquine and santoquine in individuals on a 
constant maintenance dose of the drugs. Sodium 
bicarbonate given in a similar manner causes a re- 
tention of these drugs. 

2. Changes in renal excretion are reflected in 
changes in plasma level only when the absolute 
rate of excretion of the substance is high. 
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The Antihemophilic Principle of Normal Plasma. Ben- 
jamin Alexander, Boston, Mass. (Introduced by S. 
L, Gargill), 

A method devised in our laboratories, for the quantita- 
tive measurement of the antihemophilic factor in normal 
plasma, has been applied to a study of some of its physio- 
logical and biochemical properties. The method is based 
upon the observation, now extended to include a total 
of 5 hemophiliacs, that the relationship between the log- 
arithm of the amount of plasma added in vitro to hemo- 
philic blood and the logarithm of its clotting time is 
linear. 

The effects of normal plasma on hemophilic blood both 
in vivo and in vitro are constant and equivalent. The in- 
travenous administration of 150 to 200 cc. of plasma 3 to 4 , 
times weekly to 4 hemophiliacs has proved effective in 
the prevention of hemorrhage for periods of 6 to 16 
months. Intramuscular plasma is much less effective in 
lowering the clotting time. 

The antihemophilic potency of 46 non-hemophilic plas- 
mas was uniform with a standard deviation of 0.3 in 
terms of an average of 1.0. The antihemophilic factor is 
largely retained by a Berkefeld filter but passes through 
a Seitz. The substance is no longer freely present follow- 
ing blood coagulation. 

Frozen plasma remains fully potent for over six months 
but liquid refrigerated plasma (5° C.) loses half of its ac- 
tivity in S weeks, 90 per cent in months. At 37“ C. 
one half is lost in 10 hours, 85 per cent in 24 hours. The 
rate of deterioration is uninfluenced by platelets or by the 
admixture of hemophilic plasma, but is much more rapid 
in whole blood, or normal plasma-whole hemophilic blood 
mixtures incubated at 37° C. In the hemophiliac 93 per 
cent of the antihemophilic factor of infused plasma disap- 
pears within 13 hours, 

Jfixturcs of normal and hemophilic plasma have a 
greater antihemophilic potency in vitro than normal 
plasma alone whereas hemophilic plasma is inert The 
enhanced potency is referable to the hemophilic platelets. 

These observations are of s'alue both in the clinical 
management of hemophilia and in further elucidation of 
the mechanism of blood coagulation. 

Mechanisms Underlying Pulmonary and Cardiac Compli- 
cations of Electrically Induced Conzvlsions in the 
Treatment of Psychosis. M. D. Altschule and (by 
invitation) K. J. Tilloteon, Boston, Mass. 

Convulsions induced bj- electroshock are accompanied 
by ma.ximal forced expiration. During tlic seizure salira- 
tion occurs, and roentgenograms suggest also Uiat bron- 
cliia! secretion is likewise increased at this time. Maxi- 
ma! inspiration at the end of the seizure causes the as- 
piration of this material and gives rise to atelectasis 
more commonly than is suspected. Infection maj* local- 
ize in an atelccmtic area and result in abscess forma- 
tion. Increase in intrathoradc pressure during seizures 


exerts a force on the outside of the coronary arteries which 
prevents an increase in difference between the internal 
and external pressures on the walls of these arteries; 
brittle coronary arteries are thereby protected. Also, the 
changes in intrapleural pressure retard passage of blood 
from the periphery into the heart; this change is reflected 
in an increase in peripheral venous pressure. As a con- 
sequence of diminished venous return the heart becomes 
smaller than normal and its work is decreased. After 
the end of the convulsion, the cardiac work is increased, 
judging by changes in cifcidation time. The rush of blood 
from the periphery into the right auricle and great veins 
after the convulsion gives rise to cardiac arrhythmias 
which are vagal in type. 

The Mechanism of Control of Exlravascular Fluid For- 
mation by Normal Human Serum Albumin in Cirrhosis 
and Idiopathic Hypoprotelnemia with Normal Renal 
Function. S. Howard Armstrong, Jr., and (by invi- 
tation) Sam T. Gibson, Boston, Mass. 

In three patients periods of baseline control have ex- 
ceeded six months, during which observations on water, 
salt, and nitrogen balances, plasma volume, protein dis- 
tribution in serum and extravascular fluids, and diSer- 
ential osmotic pressure measurements yielding the effective 
osmotic pressure of the serum as against the extravascu- 
lar fluid have been made. 

When the course during control period suggested that 
the disease process was static for purposes of the experi- 
ment, albumin administration was started. 

Cessation of formation of extravascular fluid has been 
observed when the differential osmotic pressure attains 
the level of normal osmotic pressure for man. Fluid 
formation recurs when this pressure falls to original 
levels. The variables unrelated to osmotic pressure do 
not appear to have first-order significance. In the effect 
in these patients without significant protein loss in the 
urine, the amount of albumin required to maintain this 
differential pressure is far less than the initial amount 
required to attain it From the amounts used, together 
with the nitrogen balances, rough estimates have been 
made of tissue protein depletion which must be met be- 
fore blood proteins rise in these patients. 

Whereas the albumin has appeared to eliminate the 
disability of being waterlogged in these selected patients, 
the studies are not sufficiently wide to permit any con- 
clusions on the effect of therapy on the undcriymg course 
of tl'.c disease, 

Pascular Spiders and Palmar Erythema in. Pregnancy * 
Wjuj,sM B. Bean and (by invitation) Mctjis W. 
De.xter and RonEE- C. Cooswxix, Gndr.nati, Ohio. 

An extension o; studies on vascular spiders and palmar 
erythema which may complicate live.- disease ftai been 
made to determine the ir.eider.ec, progress and fate o: 

* Aided by a grant from the U. S, Public Health Serriee, 
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these vascular changes during and after uncomplicated 
pregnancy. Observations on 274 colored and 178 white 
women have been made at each routine visit to the Ob- 
stetric Prenatal Clinic; 70 colored and 26 white women 
have been observed shortly after delivery and 6 weeks 
later. Including the earliest definite lesions, vascular 
spiders have been found in 65 per cent of white women 
and IS per cent of colored women. Palmar erythema was 
detected in SS per cent and 32 per cent respectively; and 
both types of vascular changes existed simultaneously 
in 43 per cent and 10 per cent. Incomplete data on the 
time of appearance of lesions indicate that they may be- 
gin at any time during pregnancy. Since many patients 
made their first clinic visit late in pregnancy very few 
known lesions were seen before the fifth month. In more 
than two-thirds of the patients the acquired vascular 
spiders and palmar erythema had disappeared by the 
3rd to Sth days following delivery, and a few more had 
vanished by the time of the 6-week follow-up visit. 
Studies of liver function and urinary excretion of 
steroid hormones are in progress. 

Physiological Studies in Congenital Heart Disease* 

Richard J. Bing, Leroy D. Vandam, and Frank D. 

Gray, Jr., Baltimore, Md. (Introduced by E. Cowles 

Andrus). 

One hundred eighty patients with congenital heart 
disease of the cyanotic group were studied. Pulmonary 
capillary flow was measured using the indirect Pick 
principle. Formulae for the determination of the volume 
flow through, the pulmonary artery, the systemic capil- 
laries, and through the aorta were devised from results 
obtained by catheterization of the heart. Similarly, the 
amount of mixed venous blood perfusing the lung (ef- 
fective pulmonary blood flow), the size and direction of 
the intracardiac shunt, and the volume of collateral cir- 
culation to the lung were measured. 

The effect of a standard exercise test on circulatory 
and respiratory functions ' was studied. 

In tetralogy of Fallot the intracardiac shunt was di- 
rected from right to left. Large collateral circulation to 
the lung was present in most cases. 

The arterial oxygen saturation was found to be re- 
lated to the percentage of total mixed venous blood per- 
fusing the lung. The systolic pressure in the right ven- 
tricle was elevated, and peripheral resistance varied with 
the logarithm of the systemic flow. 

The basal metabolic rate was below normal. During 
the exercise test the ratio of oxygen consumption per 
liters of ventilation and the arterial oxygen saturation 
declined. 

The Blalock operation was followed by an increase in 
the pulmonary capillary flow, the effective pulmonary 
blood flow, and the arterial oxygen saturation. 

In Eisenmengcr’s complex tlie pulmonary artery flow 
was normal. Both systolic and diastolic pressures in the 
pulmonary arterj’ were elevated. During the exercise 
test the ratio of oxygen consumed per liters of ventilation 
increased, and the arterial oxygen saturation declined. 

* This %vork was supported by a grant from the Com- 
monwealth Fund. 


The Effect of Ouabain on the Dynamics of the Circular 
Hon in Patients tvith Congestive Heart Failure. Rich- 
ard A. Bloomfield, Bernard Rapoport, J. Pervis 
Milnor, Walter K. Long and J. Gilmer Mebane (by 
invitation) and Laurence B. Ellis, Boston, Mass. 

The effect of ouabain upon the circulation in congestive 
heart failure was studied in a scries of patients by utilizing 
the intracardiac catlicterization tecimique. Cardiac out- 
puts, by the direct Fick method, were determined before 
and at 1 to 2 hours after administration of to 1 mg. of 
the drug through the catheter. Simultaneous recordings 
through Hamilton manometers were made at frequent 
intervals over the same period of time of the peripheral 
venous, femoral arterial, and right intraventricular pres- 
sures; in addition, where possible, registration of the 
pulmonary arterial pressure was also done. Changes in 
heart rate were for the most part of a small order and did 
not explain observed alterations in other measurements. 
In those patients with congestive heart failure in whom 
the administration of ouabain was followed by a signifi- 
cant rise in the cardiac output no consistent or signifi- 
cant pattern of peripheral venous pressure change was ob- 
served; in fact, in some of the patients with marked 
increases in cardiac output the venous pressure was un- 
changed. In most patients there was an early and at 
times sustained rise in tlie systemic blood pressure. The 
data obtained failed to substantiate the view that the pri- 
mary effect of the cardiac glucoside was due to a periph- 
eral action on the venous pressure. The significance of 
the changes observed in the cardiodynamic measurements, 
including peripheral and right intracardiac pressures, ' is 
discussed, and it is concluded that they are consistent with 
a transfer of blood from the pulmonary and venous pools 
to the systemic side of the circulation. 

High Penicillin Plasma Concentration by the Use of 
Caronamide, a Compound That hihibits Penicillin Ex- 
cretion by the Renal Tubules. William P. Boger (by 
invitation), Calvin F. Kay and (by invitation) Sylvan 
H. Eisman and Elmer E. Yeoman, Philadelphia, Pa. 

The reversible and physiologic inhibition of penicillin 
excretion by the renal tubules following the oral adminis- 
tration of caronamide, 4’-carboxy-phenylmethanesulfona- 
nilide, has recently been described. It has been shown that 
when penicillin is administered parenterally or orally, the 
resultant plasma concentrations can be enhanced from two 
to seven times by reasonable caronamide doses given 
orally. 

This work was stimulated by the necessity of attaining 
high penicillin plasma concentrations for the treatment of 
a patient suffering from subacute bacterial endocarditis 
due to a streptococcus viridans highly resistant to both 
streptomycin and penicillin. Very high plasma concen- 
trations ■ of penicillin have been achieved (fourteen to 
forty units of penicillin per cubic centimeter), following 
the oral administration of caronamide every three hours 
and the intramuscular injection of 500,000 units of penicillin 
every three hours. Dose-response curves following the 
injection of penicillin have been compared in control and 
caronamide treatment periods in order that the enhance- 
ment effect of caronamide could be evaluated. The peni- 
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cillin plasma concentrations have been correlated with the 
quantities of penicillin recovered in the urine, the plasma 
concentration of caronamide, the renal clearance of peni- 
cillin, and the glomerular filtration rate as determined by 
mannitol clearance. 

Estimaied Hepatic Blood Flow and Bromsulfalcin Ex- 
traction in Normal Man During the Pyrogenic Re- 
action. Stanley E. Bradley and (by invitation) 
Neal J. Conan, New York, N. Y. 

The present study was undertaken to determine whether 
hepatic circulatory adjustments and/or hepatic cellular 
dysfunction develop in man during the pyrogenic reaction. 
The cardiac output and the renal blood flow increase even 
when fever is prevented by antipyretic drugs, and, since 
renal hyperemia is not sufficient to account for the incre- 
ment in cardiac output, it may be presumed that the hepatic 
circulation is also increased. Recently it has been found 
that bromsulfalcin (BSP) retention occurs during fever. 
This phenomenon may be attributed to (1) hepatic ische- 
mia with reduced delivery of BSP to the liver or (2) 
diminished ability of hepatic cells to remove the dye 
from blood perfusing the liver. 

The hepatic blood flow (EHBF) was estimated as the 
bromsulfalein clearance and BSP extraction was deter- 
mined directly using the technique of hepatic venous cath- . 
eterization. Studies were made upon normal human sub- 
jects prior to, and following, intravenous administration 
of typhoid vaccine. 

Within one to two hours after pyrogen was given 
EHBF increased significantly in nearly every case (300 
per cent above the control level on one occasion). De- 
spite hepatic hyperemia and the resulting increase in BSP 
loading tjie remowil of BSP from the blood decreased by 
as much as SO per cent. This effect was apparently at- 
tributable to a striking reduction in BSP extraction by 
the liver. Premedication with aminopjTine prevented 
fever but did not alter the responses. 

On several occasions, the hepatic venous pressure was 
observed to rise as hepatic hyperemia developed. 

. 3‘trc/>(oiiiyc(» and Tuberculous Trachco-Bronchitis. A 
Bronchoscopic Study of Healing Lesions. Lyman A. 
Brewer HI, Estn. Bogen and Robert L. Brereton, 
San Fernando, Calif. (Introduced by J. M. Hayman, 
Jr.). 

Visible lesions are especially suitable for the early 
evaluation of therapeutic effects in tuberculosis. Thir- 
teen tuberculous patients with persistent, severe, tracheal 
or bronchial granulating or ulcerative lesions were se- 
lected from more than a hundred referred for this purpose. 
They were intensively treated with streptomycin, both in- 
tramuscularly and by aerosol, at the San Fernando Vet- 
erans Administration Hospital for periods ranging from 
one week to three months. Biweekly bronchoscopic ex- 
aminations showed prompt disappearance of the lesions 
in every case. Only one instance of recurrence of an 
ulcer in the trachco-bronchial mucosa Iras been seen since 
the treatment has been discontinued. Pulmonary cavities 
in lltcse patients remained open, and temporary sympto- 
matic improvement in other lesions in the lungs were not 


sustained. Special clinical and laboratory studies before, 
during and after the treatment period help clarify the 
phenomena observed. This study indicates that strepto- 
mycin is a valuable therapeutic agent in the treatment of 
the most severe types of active tuberculous tracheo- 
bronchitis. 

Streptomycin in the Treatment of Draining Tuberculous 
Sinuses. Benjamin L. Brock, Oteen, N. C. (Intro- 
duced by Arthur M. Walker). 

One of the most dramatic results in the treatment of 
tuberculosis in man has been obtained following the use of 
streptomycin in draining tuberculous sinuses. 

Sixty draining sinuses, proved to be tuberculous either 
by culture or biopsy, originating for the most part in 
bone or cartilage in eleven negro patients and one white 
patient have been treated with streptomycin over a pe- 
riod of from 90 to 150 days. 

A daily dose of 1.8 gro. of streptomycin, or 0.3 gm. every 
four hours was given intramuscidariy. 

Nine (15 per cent) of the 60 sinuses dosed within one 
week to four weeks and nine (15 per cent) closed within 
six weeks to eight weeks after streptomydn was begun. 
It required between ten weeks and twelve weeks for 
thirty (50 per cent) of the sinuses to close and the re- 
maining eleven (approximately 20 per cent) dosed within 
thirteen to twenty weeks after streptomydn therapy was 
instituted. Only one sinus remains following surgical 
drainage but it is almost dosed. 

The longest time which has elapsed since dosure of a 
sinus is seven months, one week after therapy was be- 
gun; the shortest time one month. The average time 
since dosure of all the sinuses is 3.8 months. 

Where necrotic bone, or cartilage, as for example in a 
rib, is removed and where small abscesses under the skin, 
or large psoas abscesses in the groin arc widdy drained in 
conjunction with streptomycin therapy, arrest of the proc- 
ess with dosure of the sinus occurs within a rdatively 
short time. 

Certain reactions to streptomydn are described and 
several outstanding clinical signs of improvement are 
discussed. Photographic illustrations are available. 

Analysis of Peritoneal Washings for Protein, Non-Pro- 
tein Nitrogen and Phosphorus During Studies on Ni- 
trogen and Fluid Balance in Treatment of Acute 
Uremia by Peritoneal Lavage. Herbert R. Brow.'.', Jr., 
Jacob Holler and Hele:; E. Va;: .Alstix'e, Roches- 
ter, N. Y. (Introduced by Samuel H. Bassett). 

A woman of 23 years who developed acute anuria dur- 
ing the course of glomerulonephritis war treated for 21 
days by continuous peritoneal irrigation usi.eg the method 
of Fine. The procedure was tcrmi.natcti by dentil of the 
patienL During the interval of srudy it was possible 
to (a) keep a fairly complete nitrogen ba!a.ncc (b) gel 
rid of severe edema (c) increase the plasma CO. from 
20 to 00 volumes per cent and (d) rcrlucc the level of 
NPN in the blood. 

A very considerable amount of pretein ('751 gm.) 
recovered irerr. ti-.e peritoneal v.ashinrs. The rr.echar.i'm 
cf this was thought to l>e the esta'rlis’-.ment of ra.-tial 
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equilibrium between the perfusing solution and the pa- 
tient’s interstitial fluid. Increased capillary permeability, 
believed to occur in acute nephritis, may have been a con- 
tributing factor to protein transudation in the early 
phase of lavage. 

The overall picture of the N balance (exclusive of 
three small stools and losses from the skin) may be 
tabulated as follows: 


Nitrogen Balance 


Nitrogen Intake 


Whole Blood (Intravenously) 

63.3 gm. 

Plasma (Intravenously) 

99.6 gm. 

Aminoids (orally) 

76.5 gm. 

Special formula (orally) 

36.6 gm. 

Total 

276.0 gm. 

Nitrogen Output 


Peritoneal Drainage 


(a) NPN 

140.8 gm. 

(b) Protein N 

117.0 gm. 

Gastric Suction (Wangensteen) 

92.5 gm. 

Urine 

4.4 gm. 

Total 

354.7 gm. 


276.0 gm. 


354.7 gm. 


Difference (Nitrogen loss) 


78.7 gm. 


Rates of Turnover of Radiosodium in the Blood and 
Urine of Normal Subjects and Patients with Congestive 
Heart Failure. George Burch and Paul Reaser, 
New Orleans, La. 

The rates of turnover of sodium in the blood and urine 
of 10 normal subjects, 12 patients with various degrees 
and stages of congestive heart failure and 6 patients with 
miscellaneous clinical states were determined for a period 
up to 120 minutes with Na’‘ (t} = 14.8h). The subjects 
were on a regular hospital or a low salt diet (1.7 gm. 
NaCl). Most of the patients with congestive heart fail- 
ure were receiving the usual therapy for congestive heart 
failure without the use of diuretics. 

The Na'* was injected in one antecubital vein and blood 
was collected from the other at 5-10 second intervals for 
3 minutes. The intervals between collections were in- 
creased as the study progressed. Urine was collected 
simultaneously and separately from the pelvis of each 
kidney by means of catheters. The urine was collected 
at intervals varying from a few seconds to a few minutes, 
depending upon the rate of urine flow. 

The results showed a very rapid rate of Na exchange 
between the blood vessels and tissue spaces, being several 
times 7,000 grams Na per day. The rate of diffusion was 
so rapid that the rate of mixing and circulation time were 
too slow to permit accurate measurements of the Na ex- 
change, much of the Na having already escaped from the 
blood before a complete recirculation. The nature of 
the curves of Na'* level in tlie blood were quite different 
from those reported for dogs in which samples were col- 
lected from arteries. The differences in blood Na levels 
between the normal and congestive heart failure subjects 


could be accounted for by the volume of the water in the 
Na compartments. 

The urine concentrations of Na of the normal subjects 
were essentially the same as for the blood. That of the 
patient with congestive heart failure was uniformly lower 
but varied with the phase of the congestive heart failure 
and the Na in the diet. The “Na clearances” in the pa- 
tients with' congestive heart failure were lower than those 
in the normal subjects. The Na'* appeared in the urine 
of all subjects within 1.5 to 3.5 minutes after injection. 

The data show an impairment of sodium excretion in 
congestive heart failure due largely to renal dysfunction. 

Miliary and Meningeal Tuberculosis Treated with 

Streptomycin. Paul A. Bunn, Washington, D. C. 

(Introduced by Thomas McPherson Brown). 

From May 1946 until February 20, 1947, 60 cases of 
proved meningeal and miliary tuberculosis, or a combina- 
tion of both, have been treated in 38 Veterans Administra- 
tion hospitals. The number of cases in each group, the 
death and survival rates according to the time treated, 
and the number who are living after completion of an as- 
signed course of streptomycin are showm in the figure. 


Disease 

Num- 

ber 

of 

cases 

Dead, 27, 
followng 
treatment 
days 

Living, 33, 
following 
treatment 
days 

Treat- 

ment 

"com- 

pleted" 


j 

0-7 

15-120 

10-30 

30-125 


Meningitis 

24 

8 

5 

8 

3 

0 

Miliary 

Meningitis 

17 

0 

2 

2 

10 

3 

and miliary 

19 

5 

7 

0 

4 

3 

Totals 

' 60 

! 

13 

j (22%) 

! 14 
j (23%) 

10 

(17%) 

17 

(28%) 

6 

j(10%) 


Only those cases falling into tlie classification of acute 
disseminated miliary tuberculosis and those with classi- 
cal signs of meningitis are included. Without specific 
antibacterial therapy, the expected mortality of each 
group would approximate 100 per cent. 

Of the 6 cases who have completed treatment to date, 
4 are to all intents and purposes normal — ^both clinically 
and psychologically. The fifth continues to have active 
pulmonary tuberculosis and the sixth has developed ir- 
reparable brain damage. 

The clinical improvement, the laboratory findings and 
the roentgenographic changes in all cases during the pe- 
riod of therapy have been recorded and are extremely im- 
pressive in most instances. Complete x-ray - clearing of 
all miliary lesions in the lungs has been demonstrated on 
occasions. 

Many evidences of toxicity to streptomycin have been 
recorded. Among these are three cases who developed 
complete deafness and one in whom there was bone mar- 
row depression. 

The dosage of streptomycin has varied from 1.2 gm. 
to 4 gm. daily given in divided doses. The duration of 
treatment has been variable. The material has been con- 
tinuously administered for as long as 160 days, but in most. 
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if the patient survives, therapy was stopped at the end of 

120 . 

The Effect of Age on Phosphate Fractions in the Heart 
of the Rat. Gus G. Casten,* and M. F. Mason, 
Dallas, Texas. (Introduced by Tinsley R. Harrison). 

A comparison has been made between young adult male 
rats (about 3 months old) and elderly male rats (about 
two years old) in regard to the content of the heart 
in various phosphate fractions. No significant difference 
was found in regard to the inorganic phosphate or the 
adenosine triphosphate. Striking differences were ob- 
served in the creatin phosphate fraction which was about 
twice as great in the young as in the older rats. Since 
the creatin phosphate constitutes the reserve from which 
adenosine triphosphate, the direct source of energy, may 
be derived under conditions of stress, the findings are in 
general agreement with the conception that aging is as- 
sociated with a decline in the reserve power of the 
heart The reasons why heart and skeletal muscle (as 
judged from the work of others) differ in respect to 
the effect of age on creatin phosphate content are not 
clear. 

Further studies dealing with the effect of experimental 
heart failure on the various phosphate fractions are in 
progress. 

Siilfaihiasole as a Substitute for Inulin in Determining the 
Glomerular Filtration Rate. Don \V. Chapman, and 
S. A. Peoples, Houston, Texas, (Introduced by James 
A. Greene). 

An accurate method for measurement of glomerular 
filtration has been developed, by which a larger number 
of patients can be studied more quickly, and is simple 
enough for routine clinical studies. 

Sulfathiazole was given orally and its clearance com- 
pared with that of inulin. Urine specimens were ob- 
tained by catheterization at twenty or thirty minute in- 
terrals, and blood samples were drawn at the mid-points 
of each interval. The urine and plasma were analyzed 
for sulfathiazole by the method of Bratton and Marshall 
and the plasma albumin by the method of Greenberg. 
The free plasma sulfathiazole was calculated from the 
total plasma sulfathiazole, from the concentration of 
plasma albumin by means of tire adsorption formula 

Free Sulfa _ 1 ir — oa'" 

Total Sulfa K X Albumin Cone. +1’ " 

The K value was obtained from simultaneous clearance 
studies of inulin and sulfathiazole in humans. 

Maximum deviation of simultaneous clearance of inulin 
and sulfathiazole in 25 patients was 11 per cent, and an 
average deviation of 6 per cent. The data show that sul- 
fathiazole clearance is as reliable as inulin clearance in 
patients tvith normal and rritli reduced renal function. 


* Done during lire tenure of a Lite Insurance Medical 
Research Student Fellowship. 


Study of Standard Metabolism in Relation to Degenera- 
tive Processes in the Aged. IStARGAKEr CHiEpn, St. 
Louts, Mo. (Introduced by William B, Kountz). 

A detailed study was made on about 500 patients over 
40 years of age. Some of these were followed over an 
extensive period, up to eight years, and were studied re- 
peatedly. 

The individuals were either residents in a chronic dis- 
ease hospital or were visitors to a private clinic. The 
result of the studies showed the individuals to form a 
series varying from those with earliest signs of degenera- 
tion (which on repeated study were found to be pro- 
gressive) to those with advanced degenerative changes. 

Many interesting variations were noted in a study of 
the different tests. Changes in the basal metabolism 
seemed to be the most significant and the results will be 
considered. 

In those individuals with early degenerative changes 
the metabolism was usually low, varying from — 10 to 
— 28 and averaging about — 15. 

The individuals with advanced degenerative changes 
and with residuals of diseases such as coronary artery dis- 
ease, intracranial lesions etc. frequently show an ele- 
vated basal metabolic rate not only as compared with the 
first group but even compared with the normal standard. 
Repeated studies in these individuals showed a rising 
metabolic rate. 

Results of attempts to modify the metabolism by feed- 
ing experiments and administration of hormones will 
also be discussed. 

Rapid Quantitative Assay of Proteolytic Ensyme In- 
hibitors in a Fibrinogcnolytic System and the Signifi- 
cance of the Plasma Inhibitor in Experimental Peri- 
tonitis in the Dog. Donald G. C. Clark, New Haven, 
Conn. (Introduced by John S. Lockwood), 

Preliminao’ investigation of experimental peritonitis ' 
in the dog has suggested that the level of proteolysin in- 
hibitor in the plasma is a factor in the ability of the ani- 
mals to survive the disease. In this work 29 pairs of 
dogs were subjected to peritonitis; one of each pair was 
prepared by the daily injection of protease for 5 days prior 
to operation in an attempt to raise the level of proteolysin 
inhibitor, as suggested by the work of Grob, while tlic 
other of each pair was used as a control. The difference 
in mortalitj’ was significant, 5 dogs dying from the pre- 
pared group (17.2 per cent) and 20 from the control 
scries (63.9 per cent). 

Since the difference in mortality appeared to be a re- 
sult, at least in part, of the much more marked produc- 
tion of fibrin around tlie abscess in the treated animats, 
as shown at autopsy, it was felt that the effect of the 
protcolysin-inhibitor system on tliC stability of fibrinogen 
might be the significant factor. This, together wHh the 
fact that fibrinogen is highly sensitive to the zclion of 
protcoiysins such as trypi'.rt, Jed to t!:c development of 
an assay method employing fibrin-gen as th.c substrate. 

In the mctho'l serial dilutions of scrum from tb.e ani- 
mal arc allowed to react with a f.-nown ameurt c: trsytm 
for a fixed period to allow th.e proteclysln and protsolyrin 
inhibitor to react together, Ti-.en a standard quantity ci 
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lysin-free fibrinogen is added. The formation of a clot 
upon addition of thrombin, after a standard period of 
incubation at 37 C., indicates that the trypsin has been 
inhibited, and affords a clear-cut end-point; no clot forms 
if the quantity of inhibitor has been insufficient to block 
the added trypsin. Temperature, pH, and timing of the 
various phases of the reaction must be carefully con- 
trolled. 

The normal dog shows a level of inhibitor equivalent 
to from 300 gamma to 450 gamma crystalline soy bean 
trypsin inhibitor (Kunitz) per ml. serum. Following 
injections of protease, however, the inhibitor level at first 
falls and then returns to the initial level with increasing 
speed on each subsequent injection. The length of the 
recovery period decreases from about 9 hours after the 
initial injection to about 1 hour after the fifth injection. 
Also, in most animals the titre increases gradually with 
each successive injection to about double the original 
value. In about one-quarter of the animals studied this 
absolute increase did not develop. 

It seems probable that a stable equilibrium between 
plasma protease and its inhibitor is a factor in the ef- 
fective deposition of fibrin within the peritoneal cavity, 
and in recovery from peritonitis. 

The Effect of Castration and Di-ethyl Stilboestrol in a 

Patient with Myelophthisic Anemia Secondary to Car- 
cinoma of the Prostate, Robert R. Commons (by im 

vitation) and Maurice B. Strauss, Framingham, Mass. 

Severe myelophthisic anemia may be the first and out- 
standing manifestation of carcinoma of the prostate with 
widespread skeletal metastases. Three such cases have 
been observed, in none of which were prostatic symptoms 
presenting. 

The first two of these patients, observed prior to the 
introduction of castration and female sex hormone ad- 
ministration in the treatment of prostatic cancer, died 
within a few months of diagnosis, with their anemia con- 
trolled only by blood transfusion. The third patient was 
castrated after a three weeks intensive course of liver 
and iron therapy had been accompanied by a further de- 
cline in blood values. Five mg. of di-ethyl stilboestrol 
was then administered by mouth daily. No other treat- 
ment was employed. Bone pain, ascribable to metastatic 
skeletal involvement, disappeared within four weeks. No 
reticulocyte increase occurred but a definite slow rise in 
red blood cells and hemoglobin occurred from an original 
level of 1,990,000 erythrocytes per cu. mm. and 5.1 gm. 
of hemoglobin per 100 cc. to values of 3,530,000 and 11.0 
gm. two months after the institution of treatment. Nu- 
cleated red blood cells, which had been present in the 
proportion of 1 to 100 leukocytes, disappeared from the 
peripheral blood. 

Since neither castration nor the administration of di- 
ethyl stilboestrol has been reported to produce increases 
in red blood cells and/or hemoglobin in man or animals, 
it appears probable that one or both of these procedures 
so affected the cancerous metastases in the bone marrow of 
this patient that more normal hematopoiesis took place. 
It is of interest that in spite of the striking change in the 
blood values, x-ray examination failed to show any change 
in the extent or severity of the bone changes. 


The Effect of the Upright Posture upon Hepatic Blood 

Flow in Normal and Hypertensive Human Subfccis. 

James W. Culbertson (by invitation), Robert W. 

Wilkins, Franz J. Ingelfixcer and Stanley E. 

Bradley, Boston, Mass. 

Hepatic blood flow was estimated in seven normal and 
twelve hypertensive subjects by means of the bromsul- 
phalein clearance technique with hepatic venous cath- 
eterization. Arterial pressure and pulse rate were re- 
corded at two-to five-minute intervals throughout the 
two-hour test. 

Each subject was placed supine on a tilt-table and 
studied first in a horizontal position, then after being 
tilted upright (75°), and then in the horizontal position 
again. Serial pairs of peripheral and hepatic venous 
blood samples were drawn at five- to ten-minute intervals, 
three or more for each tilt-table position unless syncope 
intervened during the upright study. 

Values for estimated hepatic blood flow in both groups 
of subjects before tilting fell within normal range and 
averaged 1400 ml. per minute per 1.73 sq. m. of body sur- 
face. After the tilt to upright the values decreased 
sharply by 15 to 60 per cent, with an average approaching 
40 per cent and no significant difference observed be- 
tween normal and hypertensive individuals. Following 
return of the table to the horizontal position hepatic blood 
flow increased, rising toward or above the pre-tilt con- 
trol rate. 

These results are interpreted as indicating that splanch- 
nic vasoconstriction occurs in the upright position, since 
the decreases in blood flow could not be accounted for by 
significant changes in blood pressure. 

An Objective Method for Evaluating the Anti-Asthmatic 

Effect of Several Sympathomimetic Amines in Man. 

John J. Curry, Boston, Mass. (Introduced by Francis 

C. Lowell). 

The effectiveness of various anti-asthmatic compounds 
usually has been determined by analyzing the subjective 
response of large groups of patients. Measurements of 
increase in vital capacity following the administration of 
various drugs during the acute asthmatic attack have also 
been made. Both types of study, however, are subject 
to unaccountable variations and are difficult to evaluate. 

It has been shown that a quantitative decrease in the 
vital capacity may be produced in certain asthmatic sub- 
jects, during periods when they are relatively asympto- 
matic, by the parenteral administration of histamine and 
acetyl-beta-methyl choline. Various sympathomimetic 
amines, anti-histamine compounds and anti-cholinergic 
agents protect these subjects against the reduction in vital 
capacity in a characteristic fashion. These findings sug- 
gested that the degree of such protection, afforded by 
various anti-asthmatic drugs, might furnish an objective 
method for assaying their effectiveness in the treatment 
of asthma. 

In the present study, using this method, several sym- 
pathomimetic amines were compared with ephedrine sul- 
fate. Only one compound, beta-o-methoxyphenyi iso- 
propyl methylamine, compared favorably with ephedrine. 
This was of interest since the compound has little pressor 
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or C.N.S. stimulating effect. Qinical studies in a group 
of asthmatic patients supported the results of the assay 
and the validity of the method. 

Relative Importance of Tonicity and of Extracellular 
Volume in Salt Depletion Shock. T. S. Danowski, A. 
W. Winkler and J. R. Elkinton, New Haven, Conn. 

Studies have been conducted to determine whether salt 
depletion shock is mediated primarily through hypotomcity 
or through a decrease in the volume of the extracellular 
fluid. Previously reported experiments indicated that in 
the salt depleted animal restoration of extracellular and 
plasma volume without replacement of salt failed to im- 
prove the circulation. The results suggested that the hy- 
potonicity and associated cellular overhydration had a de- 
leterious effect per se. 

In the present experiments hypotonicity of body fluids in 
the presence of a normal salt content n-as produced in 3 
nephrectomized dogs by the infusion of glucose solu- 
tion. Changes in the electrolyte and water content of 
plasma, extracellular fluid, and of cells were calculated 
and alterations in the hemodynamics (cardiac output, 
circulation velocity, and mean arterial pressure) were 
measured. 

Those animals in whom body fluids had been diluted 
resembled those depleted of salt in that hypotonicity was 
present They differed, however, in that the extracellular 
volume was expanded rather than contracted, and despite 
the hypotonicitj', the circulatory efficiency was unim- 
paired or improved. 

In 2 other animals salt depletion shock was produced by 
the Darrow-Yannett technique. Subsequently a diuresis 
was induced by intravenous urea solution and the hypo- 
tonicity which resulted from the salt depletion was cor- 
rected. The extracellular fluid volume declined further, 
however, and despite the restoration of isotonicity the 
cardiorascular function did not improve. 

It is concluded that within certain limits both tonicity 
and extracellular volume, i.e., the amount of salt present, 
must condition the development of salt depletion shock. 

Streptomycin in the Treatment of Pulmonary Tuber- 
culosis. Nicholas D. D’Esoro, Stanton T. Allison, 
Benjamin L. Brock, W. A. Cassidy, and Arnold 
Shamaskin, Baltimore, Md." (Introduced by James 
Bordley III). 

120 cases of pulmonary tuberculosis were treated for 
4 months with 1.8 grams of streptomycin intramuscularly 
daily. Patients were selected on the basis of stationary 
or progressive lesions with an important exudative com- 
ponent during a pre-treatment observation period of at 
least 3 months. The majority were far-ads'anced. 

Mean blood levels of 18 micrograms and 10 micrograms 
oi streptomycin per cc. after 1 and 4 hours respectively 
were obtained. 

Decline in fever, increased appetite, gain in weight, and 
a marked decrease in sputum amount were consistently 
observed. 

Resolution of lesions, to a greater o- lesser extent, aas 
noted in 77 per cent. In IS per cent the degree o: resolu- 
tion was striking. No new lesions developed under treat- 


ment, nor did established lesions progress. The most 
favorable effect was seen in cases of predominantly exu- 
dative disease. Cavities tended to become smaller, but 
unequivocal closure was infrequently observed. 

Sputum or gastric cultures became negative in 30 
per cent of patients. 

Toxicity was manifested by subjective vertigo in 90 
per cent, an abnormal urinary sediment in 50 per cent, and 
a transient rash in 10 per cenL Treatment was discon- 
tinued in 3 cases. 

After 6 weeks the tubercle bacilli of 27 per cent showed 
in vitro resistance to concentrations of streptomycin ob- 
tained at this dosage; and at 4 months 53 per cent de- 
veloped resistance. In the great majority resistance de- 
veloped abruptly. 

Streptomycin is most useful in controlling symptoms 
and the recent exudative lesion. It is suppressive rather 
than definitive therapy. The development of resistant or- 
ganisms is a disadvantage since there is an inverse cor- 
relation between resistance and therapeutic response. 

Cardiac Oxygen Metabolism. J. E. Eckenhoff, J. H. 

Hapkenschiel and M. Harmel, Philadelphia, Pa. 

(Introduced by Francis C. Wood). 

In spontaneously breathing dogs lightly anesthetized 
with nembutal, coronary blood flow was measured by the 
bubble flowmeter technic and cardiac metabolism deter- 
mined bj' a method previously described. In an attempt 
to eluridate the inter-relationships of coronary flow, ar- 
terial pressure, cardiac output, cardiac efficiency and car- 
-diac oxygen metabolism, three groups of experiments 
were performed in which (1) arterial pressure, (2) car- 
diac output or (3) arterial oxygen content was primarily 
altered. In (1) and (2) coronary flow consistently fol- 
lowed cardiac oxygen consumption and in (3) coronary 
flow was found to increase as needed to meet cardiac 
oxygen requirements. The data indicate that the coro- 
nary vessels, like the cerebrals, possess an effective in- 
trinsic control in relation to the metabolic requirements 
of the tissue supplied. Cardiac efficiency tended to \-ary 
directly with cardiac output and inversely with arterial 
blood pressure. Since coronary venous blood under tlie 
conditions of thestf experiments normally contained only 
4 to 6 vol. per cent oxygen, there is obviously little room 
for removing appreciably larger amounts oi o.xygcn. 
Agents intended to accomplish this are therefore open to 
question. The heart was found to be safeguarded from 
dangerous anoxia by three mechanisms; (I) decreased 
tonus in the coronaiy vessels, (2) diversion of a rela- 
tively larger fraction of the cardiac output to the coro- 
nary circulation, (3) decreased cardiac work with a re- 
sultant decrease in oxygen demand. 

The Administration, Utilicatian end Excretion of c 

Mixture of Amino Acids in Men. R, D. Ecr.nArDT and 

T. L. MiTErnr (by inritation), and C S. Dawdson, 

Boston, if ass. 

The 10 per cent solulior. o: the ten "c'sentiar' a.mir.o 
adds used in these studies was prepared by ccmplrte add 
hydrolysis of casein, was rendered free c: asp-erti: a.ed 
glutamic adds, a.ed was fortified with dl-trj"tr plume, dl- 
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methionine and glycine. In over 150 injections reactions 
were rare, and none of a pyrogenic nature was observed. 
Injections of 500 cc. (50 gm. amino acids) in 10-15 min- 
utes rarely induced vomiting, although transient nausea 
occurred in approximately one-fourth of these cases. At 
a slower rate (one hour), even nausea was rare. Throm- 
bosis of the infusion vein did not occur. 

The blood amino acid level returned to within normal 
limits by four hours after the infusion, although it was 
often slightly above the pre-injection level. During this 
time, the maximum loss of the injected amino acids oc- 
curred (average 8 per cent). Urinary amino nitrogen 
excretion did not correlate with the rate of infusion, but 
was roughly proportional to the amount given and to the 
total 24-hour urine nitrogen. 

Comparison was made between the percentage composi- 
tion of the essential amino acids administered and ex- 
creted (microbiological assay) . Lysine, methionine, 
phenylalanine and valine were excreted in approximately 
the same percentages as administered ; histidine, threonine 
and tryptophane, in two to three times greater percent- 
ages; and arginine, leucine and isoleucine proportionately 
less. 

The Restoration of Thermal Balance During Acclimati- 
sation to Work in a Hot Dry Environment. Ludwig 
W. Eichna, (by invitation) Charles R. Park, Norton 
A. Nelson, Edward D. Palmes, Steven M. Horvath 
and Walter B. Shelley and William B. Bean, Fort 
Knox, Ky. 

When man first works in a hot environment his body 
temperature rises to abnormally high levels and disability 
often results. When acclimatized to the heat he performs 
the same work easily and with a lower, or normal, tem- 
perature. The methods of partitional calorimetry were 
used to determine the mechanisms responsible for this 
reduced heat retention. 

Thermal balances were determined in 3 nude men as 
they acclimatized to work in a hot, dry (desert type) en- 
vironment.* With acclimatization the bodily heat con- 
tent fell; with deep tissues heat content reaching normal 
values but that in the peripheral tissues (skin) remaining 
above normal. Approximately 90 per cent of the total 
decrease in heat retention with acclimatization was due 
to increased evaporative cooling (increased secretion and 
evaporation of sweat) ; the remaining small decrease 
(10 per cent) resulted from a slight fall in metabolic heat 
production. Because of the increased evaporative cooling 
the skin temperature fell with acclimatization. This led 
to increased heat gains from the environment by convec- 
tion and radiation as acclimatization developed. These in- 
creased external heat gains amounted to approximately 
50 per cent of the increase in evaporative cooling and to 
that extent decreased the efficiency of the increased evap- 
orative cooling in lowering the body temperature. How- 
ever, the lower skin temperature promoted heat loss from 
deep to peripheral tissue by conduction and increased the 
cooling gradient for the blood brought to the skin. This 

♦Dry bulb temperature 102° F., wet bulb temperature 
80° F. 


permitted a reduced peripheral blood flow to the skin and 
thereby a more stable general circulation. 

The Mechanism of Blood Destruction in Congenital 
Hemolytic Jaundice. Charles P. Emerson, Jr., and 
Shu Chu Shen (by invitation), Thomas Hale Ham 
and William B. Castle, Boston, Mass. 

Twenty-nine patients with congenital hemolytic jaun- 
dice were studied with particular reference to the nature 
of the red cell abnormality and the role of the spleen in 
this hemolytic syndrome. When subjected to sterile in- 
cubation in vitro, their red cells exhibited abnormally 
prompt increase in osmotic and mechanical fragilities. In 
certain individuals with minimal signs of hemolytic dis- 
ease, who were members of the affected families, this in- 
creased mechanical fragility and susceptibility to incu- 
bation were the only evidences of red cell abnormality. 

Eleven patients with congenital hemolytic jaundice 
were subjected to splenectomy. Red cells derived from 
the peripheral blood and from the splenic pulp were com- 
pared with respect to their osmotic and mechanical fra- 
gilities, and response to incubation. Similar studies were 
carried out on five patients subjected to splenectomy for 
conditions other than congenital hemolytic jaundice. 
Their red cells behaved like normal red cells. However, 
in all the cases of congenital hemolytic jaundice, the 
splenic pulp contained a high proportion of red cells that 
were markedly susceptible to hemolysis in hypotonic solu- 
tions and to mechanical trauma when compared to those 
in the peripheral blood. Post-splenectomy studies of the 
peripheral blood indicated a rapid disappearance of that 
portion of the heterogenous red cell population pre- 
viously exhibiting the most marked increase in osmotic 
fragility and a return of the mechanical fragility of the 
blood nearly to normal. 

Five patients were given several days before splenec- 
tomy massive transfusions of compatible blood possessing 
immunologic properties which distinguished it from the 
blood of the recipient. Employing selective agglutination 
technics it was ascertained that, in contrast to the pa- 
tient’s red cells, the osmotic fragility of these donor cells, 
including those separated from the splenic pulp, had re- 
mained unaltered. Finally, the ratio of patient’s cells 
to donor’s cells was found to be distinctly greater in the 
splenic pulp than in the peripheral blood, suggesting 
that selective retention of the patient’s red cells had oc- 
curred. These data indicate that the hemolytic activity 
of the spleen, in congenital hemolytic jaundice, may de- 
rive solely from the fact that this organ serves as a locus 
of "erythrostasis,” a process which in vitro demonstrably 
results in the rapid deterioration of the inherently defec- 
tive red cells characteristic of the disorder. 

The Effect of Diabetes and Insulin on Glucose Tin. 
Saul J. Farber and Eugene Y. Berger (by invitation), 
and David P. Earle, Jr., New York, N. Y. 

A high renal threshold for glucose in diabetics has 
generally been attributed to a low glomerular filtration 
rate in the .presence of a normal glucose reabsorptive 
capacity. Glucose Tm, or maximum amount of glucose 
that can be reabsorbed per unit of time, is quite constant 
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for an individual under standard conditions. Smith el al. 
found the average glucose Tm of normal women to be 
303 ragm. per minute (o’ = 55.3). Glucose Tm’s deter- 
mined in normal subjects in this laboratory have fallen 
within this range. Observations on a limited number 
of middle aged female diabetic patients have shown an 
average glucose Tm of 433 mgm. per minute (Range = 
401 to 460). The glomerular filtration rates of these 
patients were normal. The average ratio of filtration 
rate to glucose Tm was 0.270 as compared to the normal 
value of 0.395 (o’= 0.0617). 

The continuous intravenous administration of small 
amounts of insulin to both normal and diabetic subjects 
resulted in a decrease in glucose Tm in all but one 
experiment The average glucose Tm during insulin 
administration was 10 per cent under control values. 
Single injections of insulin resulted in transient de- 
creases in glucose Tm of similar magnitude. 

Studies on the Rate of Excretion of Water and Electro- 
lyte by Young Infants. Gladys J. Fashena, Dallas, 
Texas. 

Normal infants in the first six months of life, when 
given isotonic sodium chloride solution parenterally at the 
rate of 1 per cent of body weight per hour for five hours, 
excrete the excess loads of water, sodium, and chloride 
more slowly than adults. In hventy-four hours the aver- 
age sodium excretion is 75 per cent of the load and the 
average chloride excretion 91 per cent of the load. The 
velocity quotients for sodium range between 0.03 and 
0.06, for chloride between 0.04 and 0.07 and for water be- 
tween 0.02 and 0.1. Two infants, recently recovered from 
dehydration and acidosis, show further impairment of 
their ability to excrete electrolyte. In these the velocitj’ 
quotients of sodium and chloride were in the neighborhood 
of 0.01 and 0.02 respectively and both subjects became 
slightly edematous during the experiment. It is not 
known how frequently this type of response follows an 
episode of dehydration and acidosis and further studies 
' on this point are in progress. 

Mctbemoglobin Reconversion in the Erythrocyte. Clem- 
ent A. Finch, How'ard A. Eder, and Ralph W. 
McKee, Boston, Mass. (Introduced by George W. 
Thom). 

Hemoglobin in solution is spontaneously converted to 
methemoglobin. In tlie normal erythrocyte this is pre- 
vented by a system deriving its energy from carbo- 
hydrate metabolism. Studies of a patient with congenital 
methemoglobinemia have shown an intrinsic defect of the 
erythrocj-tc with complete failure of the normal reconver- 
sion mechanism. In the absence of cel! reconversion, re- 
ducing substances appear to regulate the hemoglobin- 
mcthcmoglobin equilibrium. The role of redutang sub- 
stances was studied in this patient It was also observed 
that metliylcne blue rvas able to activate in this patient 
tlte cell reconversion mechanism and the immediate and 
long term effects of mctliyler.c blue were studied. The 
effectiveness of ascorbic acid and methylene blue therapy 
has been cr-aluated in different etiological types of 
methemoglobinemia. 


The Effectiveness in Experimental Syphilis of Penicillin 
in Peanut Oil-Beesivax Given in Sixteen Daily In- 
jections.* WnxiAM L. Fleming, Boston, Mass. 

Seventy male rabbits inoculated, intratesticularly with 
the Nichols strain of T. pallidum were proven to be 
syphilitic by demonstration of typical spirochaetes from 
testicular chancres. Eight weeks after inoculation they 
were treated with sixteen daily intramuscular injections 
of calcium penicillin suspended in peanut oil containing 
4.8 per cent of beeswax by weight volume. Ten rabbits 
were treated at each of seven total dosage levels : 250, 500, 
1,000, 2,000, 4,000, 8,000, and 16,000 units per kilogram. 
The concentration of penicillin had to be varied in order 
to administer the different dosages and was of necessity 
lower than that of the Romansky Formula. Proof of 
cure or treatment failure was determined by the dark- 
field examination of chancres or lesions suggestive of 
infectious relapses, and by lymph node transfers six 
months after treatment. 

Results indicate that the C.D./50 (minimal dose neces- 
sary to cure 50 per cent of rabbits) was between 1,000 
and 2,000 units per kilogram. This indicates effectiveness 
in the same order of magnitude as samples of a crude 
commercial penicillin and of crystalline penicillin G 
previously assayed after administration in intramuscular 
injections of aqueous solution every three to four hours 
for ninety-six hours. 

Studies on the Relation of the Scrum Albumin to the 
Formation of Bone Matrix. Anne P. Forbes, Boston, 
Mass. (Introduced by Fuller Albright). 

Osteoporosis is defined as that form of demineralized 
bone where the defect is in laying down the bone matrix. 
It has certain clinical characteristics which make its 
differentiation from other forms of demineralized bone 
certain. A case is presented with all the characteristic 
criteria of this disease in which the usual causes (post- 
menopausal state, disuse, Cushing’s Syndrome, malnutri- 
tion, et cetera) were not present The studies include 
metabolic balances of calcium, phosphorus and nitrogen in 
relation to the levels of the serum proteins. Various 
therapeutic regimens were tried. These included thera- 
peutic abortion, plasma by vein, scrum albumin by mouth 
and by vein, high and low protein diets, large doses of 
Stilbestrol, and Vitamin A. The evidence suggests that 
bone matri-x formation is influenced by the serum albumin 
level. 

Chemical and Electrophoretic Analyses of the Tisr.te 
Proteins in Shock from Tourniquet Injury or Burns. 
Charles L. Fox, Jr., and Dan H. Mootx, Ncv/ York. 
N. Y. (Introduced bj' A. R Dochez). 

Experiments were performed to test whether plasma 
proteins accumulate in tissues trau.matired by tourniquet- 
ting or burning. Single hind legs o: mice were injured 
by tljc application and release of tight tou.miquets or 
scalding. WT.cn swelling v.t.s greatest and ‘'■•■xk pro- 
found. both hind legs were amputated at the groin end 
the entire leg analyred for water and lota! ritrogem 

• Dcr.e under an U.S.P.HE, Rtitarri-. Grant. 
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For electrophoretic analysis, Similar legs were extracted 
in chilled buffer. 

Injured legs did not contain more protein than con- 
tralateral, uninjured legs. If the fluid gained by the 
injured legs were chiefly plasma, approximately 10 to 
20 per cent (20 to 50 mg.) more protein might be ex- 
pected. 

Electrophoretic analyses of the injured, leg fluid dis- 
closed no component with tire mobility of albumin. In- 
stead a faster, new component appeared ; this was 
resolved from plasma albumin in artificial mixtures. In 
the ultracentrifuge, its sedimentation constant was 
greater than albumin. 

These chemical, electrophoretic, and ultraccntrifugal 
analyses dispute the view that plasma proteins accumulate 
in tissues injured by tourniquetting or scalding. 

The Ventricular Gradient in Fever. A. S. Freedberg and 

M. J. McManus, Boston, Mass. (Introduced by H. L. 

Blumgart) . 

Published studies of the electrocardiographic changes 
during infections stress the occurrence of ST and T wave 
abnormalities. In these reports, however, it is often 
impossible to distinguish the effects of fever per se from 
those of myocardial changes due to many other factors 
commonly present in infectious disease. The method of 
Wilson et al. for determining ventricular gradients was 
therefore applied to 3 standard limb lead electrocardio- 
grams obtained during fever induced by intravenous in- 
jection of typhoid vaccine in 9 human subjects. 

The ST segment depression and T wave inversion oc- 
curring in typhoid vaccine fever are (a) primary and (b) 
secondary. The latter may be related to increased rate 
andi/or a change in heart position. The former resemble 
the changes observed after digitalis administration and 
indicate a physiologic alteration in the myocardium re- 
lated to the induced fever. In two patients pronounced 
shift in ventricular gradient direction occurred in the 
chill and flush phase. This indicates a local alteration 
in duration of the excited state, similar to that observed 
in local myocardial ischemia. These alterations in ven- 
tricular gradient consequent to fever must be considered 
in the interpretation of T wave and ST segment changes 
in febrile states, both endogenous and physically induced. 

Assay of Urinary Estrogens by Ultraviolet Absorption 

Spectrophotometry, Harry B. Fkiedgood and (by in- 
vitation), Josephine B. Garst, Pasadena, Calif. 

Previous studies have demonstrated that ultraviolet 
absorption spectrophotometry can be applied to the 
quantitative determination of pooled or single samples 
of crystalline estrone, estradiol and estriol by virtue of 
tlie type of absorption curves and concentration-extinction 
relations which these hormones exhibit under controlled 
experimental conditions. Further investigations with this 
quantitative technic have disclosed that current chemical 
methods do not effect a clean-cut separation of the 
androgens from the estrogens or of estriol from the 
estrone-estradiol fraction. The significant losses of 
estrogens involved in these manipulations have been dif- 
ficult, if not impossible, to estimate accurately because 


of the relative lack of sensitivity of the colorimetric and 
bioassay mctliods of quantitation as compared with that 
of ultraviolet absorption spectrophotometry- On the 
basis of these findings, a new method has been developed 
for the accurate separation and assay of the three estro- 
gens in aqueous-alcoholic solution. A study has been 
made of the factors involved in the application of ultra- 
violet absorption spectrophotometry to the c.xtraction 
and separation of the estrogens from urine — with par- 
ticular reference to the removal of the background 
material which interferes with the quantitative reading 
of the estrogen curves. 

The Relationship betzveen Calcium and Digitalis Gly- 
coside in Respect to Their Action upon the Embryonic 
Duck Heart. Meyer Friedman and (by 'invitation) 
RenI: Bine, Jr., San Francisco, Calif. ' 

The embryonic duck heart was found to be similar to 
the mammalian heart in its response to excess digitalis 
glycoside (Lanatoside C.), in that it reacted to the 
presence of the latter drug by (1) acceleration of rate, 
(2) increased force of contraction and (3) appearance of 
arrhytlimia. This particular property of the embryonic 
heart, together with its ability to beat weakly but per- 
sistently in the complete absence of calcium or in an 
excess of the latter, allowed an unique opportunity for 
the study of the relationship between calcium and digi- 
talis glycoside in their effects upon tlie heart. The 
absence of an extrinsic nerve supply to the embryonic 
heart (at stage of development, used) allowed such a 
study to be strictly of the cardiac musculature, alone. 

The completed studies indicated that the action of 
calcium alone was completely dissimilar to that of digi- 
talis, irrespective of the concentration of the former. 
Furthermore, it was found that the calcium ion and 
the digitalis glycoside employed, bore no synergic rela- 
tionship to each other in respect to their individual or 
combined effects upon the heart. Finally, it was dis- 
covered that the characteristic action of digitalis was not 
inhibited by the complete absence of the calcium ion. 

Arterial Pressure Pulse Waves in a Patient zvith Co- 
arctation of the Aorta. Morton Galdston (by invi- 
tation) and J. Murray Steele, New York, N. Y. 

Arterial pressure was recorded with Hamilton mano- 
meters simultaneously in radial and femoral arteries of a 
middle aged patient suffering from coarctation of the 
aorta. The usual .pressure differences were observed 
(radial 215-22S/100 mm. Hg; femoral 150/100 mm. Hg). 

Of greater interest than these differences was the 
remarkable similarity between pulse waves from the 
left radial and left subscapular collateral artery, in spite 
of entirely different physical arrangements of the arterial 
tree distal to the points from which these pressure waves 
were recorded, as observed at autopsy. The radial 
arteries were of normal origin and distribution. The 
enlarged, tortuous subscapular arteries joined enlarged 
5th and 6th intercostal arteries which entered the aorta 
below the coarctation. The main collateral vessels 
emptied into enlarged 3rd and 4th intercostal arteries just 
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below the coarctation, the lumen of which measured 0.5 
cm. 

Since variations in form of pressure curves in the 
arterial tree are considered to .be influenced partly by 
waves reflected from distal arterioles and to a lesser 
degree by standing arterial waves, the similaritj- of the 
radial and collateral artery pulse waves is difficult to 
explain. A similar form of pulse wave has been demon- 
strated in another patient wdth coarctation of the aorta 
and in patients wnth hypertension when the artery w'as 
partially constricted above the point of recording. 

Studies of .the Relationship of Niacin and Tryptophane 
in Hutnan Meiabolisw. Grace A. Goldsmith and (by 
invitation) Herbert P. Sarett, New Orleans, La. 

Metabolic balance studies were conducted for six weelcs 
in three persons on com or wheat diets, which provided 
38 or 43 gm. of protein, 5.5 or 6.0 tng. of niacin, 0.3 or 0.S 
gm. of tryptophane, and about 2500 calories, 0.7 mg. of 
thiamine and 0.5 mg. of riboflavin daily (calculated). 
The com diet included 190 gm. of degerminated com 
meal and grits and 60 gm. of white unenriched flour; 
the wheat diet, 250 gm. of the white flour. The urinary 
excretion of. riboflavin and thiamine decreased rapidly 
on the basal diets and remained low throughout the ex- 
periment, while that of niacin was unchanged. The daily 
output of N* methylnicotinamide was 2 mg. or less on 
the wheat diet and decreased further on the com regiraeiu 
After ten days of the basal com or wheat diet, 5 gm. of 
dl-tryptophane was administered daily for 8 days. This 
resulted in an increased daily excretion of 6 to 12 mg. 
of N* methylnicotinamide, 

A test dose of niacin, thiamine, and riboflavin was given 
at the end of the tryptophane experiment The urinary 
excretion of N* methylnicotinamide was normal, of ribo- 
flavin, low normal and of thiamine, very low in two and 
normal in one patient No signs of vitamin B complex 
deficiency developed and no significant change in serum 
proteins or in the blood picture occurred during this 
study. 

Findings suggest that tryptophane is an important pre- 
cursor of niacin in humans and may contribute to the body- 
stores of this vitamin. 

Studies of Immunity in Brnccllosis: The Bactericidal /Ac- 
tion of Human Blood Asainsi Brucella. Wexdeu. H. 
Hall (by invitation) and Wesiev IV. Spink, Min- 
neapolis, Minn. 

The information available concerning tlic role of hu- 
moral antibodies in brucellosis is confusing. The present 
study has revealed lliat tlie killing action of normal human 
blood for Brucella docs not require the presence of 
leukocytes. The effective antibody in scrum is heat- 
stable, and complement is necessary for its optimum bac- 
tericidal action on Brucdl.i. Br. abortus (16 strains) was 
more readily killed than Br. suis Ci strains) or Br. r-.eli- 
Icr.sis (1 strain). 

Bactcricid.al tests were performed by adding serial 
dilutions of Brucella to standardiied amo-ants of fresh 
scrum and inaibaling the mLxturcs for 2-1 hours. No 
killing o! Br. abortus was obtained with sera from 10 in- 


fants 4 to 16 months of age. Sera from older children 
had the same action as those from adults. Forty-five adult 
sera killed 18 to 180,000 Br. abortus cells (strain 524) per 
ml. of serum (median 15000). Twenty-eight sera without 
agglutinins for Brucella from 14 individuals having dermal 
hypersensitivity for Brucella killed 18 to 18,000 Bru- 
cella (median 5000). The bactericidal power of 89 sera 
containing agglutinins from 26 patients having positive 
intradermal Brucella tests but no denionstrable bacteremia 
ranged from 0 to 1,800,000 (median 500). Forty-six sera 
from 13 patients having bacteremia \due to Br. abortus 
killed only 0 to 180 organisms (median 36) . The low bac- 
tericidal action of the latter group exhibited a pro-zone 
phenomenon in that the action was greatly increased by 
diluting out the sera and adding infants’ sera for comple- 
ment. This pro-zone phenomenon appears to be due to an 
excess of antibody. The IdlHng action of normal sera 
having a high bactericidal titer is inhibited by the addi- 
tion of sera from patients with bacteremia. 

Pathogenesis of Pneumonia Secondary to Influenza. 
Carl G. H.arfoed and (by invitation) Helen V. 
Letdler, Si Louis, Mo. 

Mice with sublethal influenza viral infection of the 
lung succumb more readily than normal mice to bacterial 
infection induced by inhalation of fine droplets contain- 
ing pneumococci. A study of this phenomenon was de- 
signed to eluddate principles applicable to the general 
problems of respiratory infection. 

Although it is known that marked multiplication of 
drus occurs in the lungs of mice within twenty-four 
hours after inoculation, microscopic lesions from the 
virus are not present at this early stage. On the other 
hand, histological lesions in the lung due to viral action 
are fully developed five days after inoculation. 

Bacterial counts of the left lobes of the lungs of 
normal mice have show-n a marked reduction in the 
number of pneumococci within six hours after inhalation 
and a similar reduction has been found in mice with 
twenty-four hour viral infections. In contrast, bacterial 
counts of the lungs of mice with five day viral lesions 
have demonstrated growth within six hours. 

These observations indicate that the effect of the virus 
in lowering resistance to secondary bacterial infection 
is not dependent on the presence or multiplication of tlic 
virus in pulmonary tissue but is associated with tlie 
histological lesion produced bj- viral action. 

The Pathogenesis of Circulatory Failure in Rochy 'loun- 
tain Spotted Fever: Alterations in the Blood Volume 
and Thiocyanate Space at Various Stages of the 
Disease. Gterge T. Harrell a.-rd (by invit-ation) 
Jerry K. .4.ikawa, Winston-Sak-m, N. C 

Prerious investigation has shown tiiat p-crigbersl cir- 
culatory collapse br Rocl.-y }.5o-ar.ta:n ip'V.ed fever is 
accompa-nied by a drop in serum protein' ar.-l the de- 
velopment of pcr.eralired edema. 

Serial detcrrr.inaticr.s of the l-k.-d % shame ani “ex- 
travasrular thiocr-arutfe spare" were der.e r.t i.etervalj dar- 
ing the ctrurse c: the disea'e, and v.-erc c^-n.rrred with the 
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serum protein levels and with the intake and output of 
fluid. The blood volume was found to drop simultane- 
ously with an increase in thiocyanate space ; the magnitude 
of the alteration in the thiocyanate space was greater than 
that in the blood volume. These changes occurred be- 
tween the tenth and the twelfth days of rash, and could be 
correlated with the clinical severity of the disease; a re- 
turn to normal values took place early in convalescence, 
and was accompanied by diuresis. 

The drop in serum proteins was preceded by an in- 
crease in urinary nitrogen excretion and could be partially 
alleviated by a very high-protein diet. Capillary perme- 
ability was altered in the disease, so that protein, electro- 
lytes, and water escaped into the interstitial spaces. 
These changes occurred in 6 patients who received specific 
therapy in the form of hyperimmune antiserum or PABA, 
as well as in 7 patients who received supportive therapy 
only. 

Similar alterations in blood volume and thiocyanate 
space have been produced experimentally in rabbits with 
serum sickness. An allergic mechanism may be respon- 
sible for the alteration of capillary permeability, although 
allergy in rickettsial diseases has not yet been demon- 
strated. Proper replacement of protein and the avoidance 
of excessive administration of crystalloids should help to 
prevent circulatory and respiratory failure. These prin- 
ciples of supportive therapy are probably applicable to 
other infectious diseases. 

Penicillin Protection Against Bacterial Endotoxins. 
Walter D. Hawk and Alden K. Boor, Chicago, 111. 
(introduced by C. Phillip Miller). 

Penicillin provides a certain degree of protection for 
mice against intraperitoneal injections of the endotoxins 
of several gram negative bacteria. 

The endotoxins against which a penicillin effect has 
been demonstrated have been prepared from meningo- 
coccus, gonococcus S. Paratyphi A., S. Paratyphi B., 
Shigella paradysenteriae, S. Enteriditis, S. Aertrycke and 
A. Aerogenes. Organisms are grown on solid media, har- 
vested, washed in saline, lysed by dilute alkali (pH 8.0) 
sterilized by heat and finally cultured for proof of 
sterility. Graded doses of this endotoxin are given to 
mice intraperitoneally in order to determine its LD50 
respectively for penicillin-treated and for untreated mice. 

It is evident from a careful review of the data, that 
when penicillin is given in adequate amounts during the 
period preceding and shortly after endotoxin, a definite 
increase in LDSO follows. 

Injection of control mice with the various materials 
used as vehicles for penicillin affords no protection. 

Autopsy cultures of a representative number of mice 
have given no evidence of terminal infections to ac- 
count for the higher mortality among controls. 

Protection has evidently been provided, by means of 
penicillin administration against the endotoxins of all 
of tlic above named organisms. This result has not been 
apparent with tlie endotoxin of Shigella Shigae nor with 
several non-bacterial poisons tested. 


The mechanism of this effect of penicillin cannot at 
present be explained. 

Study of Folic Acid for Maintenance Therapy in Per- 
nicious Anemia. Rorert W. PIeinle and (by invita- 
tion) Janet T. Dingle and Austin S. Weisberger, 
Cleveland, Ohio. 

Forty-one patients with pernicious or allied anemia were 
maintained on folic acid therapy for periods to one year. 
In 32 patients followed longer tiian six months, hemato- 
logic relapse occurred in nine who received intramuscular 
injections of 50 or ISO mg. at three- to six-week intervals. 
Relapse did not occur in any patient receiving daily oral 
doses of 10 to 40 mg. 

Hematologic improvement occurred in si.x of the 41 
patients. Three received daily oral therapy and three were 
given 45 or 50 mg. intramuscularly every two or four 
weeks. 

Six patients in relapse responded adequately and have 
been maintained in good hematologic remission with folic 
acid. 

Three of the 41 patients developed neurologic relapse 
while in hematologic remission. This complication was 
explosive and rapidly progressive in one. Liver extract 
therapy arrested the neurologic relapse in these patients. 

It is concluded that daily oral therapy with ten or more 
mg. of folic acid maintained hematologic remission in 
these patients whereas intermittent intramuscular therapy 
permitted relapse in some cases. The occurrence of neuro- 
logic relapse indicates that folic acid is not a complete 
substitute for liver extracts, so that the latter must re- 
main the treatment of choice for pernicious anemia. 

Arterial Catheterisation of the Left Ventricle, Left 
Auricle, and Pulmonary Vein. Harper K. Hellems * 
(by invitation), Lewis Dexter and (by invitation), 
Florence W. Haynes, Boston, Mass. 

Venous catheterization has made possible exploration 
of the right side of the heart and pulmonary artery, but 
has not been applicable to investigation of the dynamics 
of the left side of the heart and pulmonary vein. In the 
past, these chambers have been almost immune to investi- 
gation except by difficult and time-consuming procedures. 

In the present study, a No. 6 French radiopaque cath- 
eter, with a curved tip as used for venous catheterization, 
has been introduced into the carotid artery of anesthetized 
dogs and guided fluoroscopically into the aorta, left ven- 
tricle, left auricle, and pulmonary vein. This may be ac- 
complished without a change of respiratory rate, pulse 
rate, and arterial blood pressure. Although it is usually 
an innocuous procedure, damage to valves and endocar- 
dium has sometimes occurred. It has, therefore, not been 
deemed safe in patientei 

In animals, changes in the pressure dynamics of the left 
side of the heart and pulmonary vein under conditions of 
cardiac stress will be discussed. 


*Life Insurance Medical Research Fellow. 
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Changes in the Efficiency and Dynamics of Respiration in 
Experimental Congestion of the Lungs. Howard E. 
Heyer, James Holman and George T. Shires,* 
Dallas Texas (Introduced by Ben Friedman). 

Experimental pulmonary congestion was produced in 
dogs by rapid venous infusion of 0.9 per cent solution of 
sodium chloride or by sodium chloride-sodium bicarbo- 
nate buffer solutions. Intrapleural pressure fluctuations 
increased markedly in total amplitude while mean in- 
trapleural pressure rose toward atmospheric levels, and 
intrapleural pressure during expiration rose above at- 
mospheric in every animal. Respiratory efficiency was 
determined by the tidal exchange produced for each 
centimeter change in intrapleural pressure. Efficiency of 
respiration and tidal exchange fell progressively with 
venous infusion, and rose rapidly when hyperpnea was 
induced by carbon dioxide inhalation. The changes ac- 
companying pulmonary congestion were constant and 
were independent of alterations in hydrogen ion con- 
centration or serum CO^ tension. Vagotomy prevented 
acceleration of breathing during venous infusion but did 
not prevent the marked decrease in respiratory efficiency. 
Active participation of expiratory muscles was necessary 
to achieve optimal tidal e.xchange in the congested lung, 
since abolition of expiratory movements by lower cervical 
cord section caused marked diminution in tidal exchange. 
These findings were interpreted as being due to a marked 
increase in rigidity of the congested lung, so that tidal 
exchange was accomplished at the expense of a marked 
increase in activity of respiratory muscles, with a total 
greater change in intrapleural pressure. During extreme 
pulmonary congestion, even though intrapleural fluctua- 
tions increased markedly, tidal air diminished sharply, 
suggesting that (in addition to rigiditj' of the lung) alveo- 
lar space was encroached upon by the congested capillaries, 
or that the alveolar space was diminished in size by tran- 
sudation of edema fluid. 

Scrum Sickness Due to Crystallised Bovine Albumin. 

James T. Heyl (by invitation) and Charles A. Jane- 

WAY,t Boston, Mass. 

During c-xperiments to test the possible value of albumin 
crystallized from bovine plasma by the method of Cohn 
and Hughes as a possible blood substitute, there %\-as an 
opportunity to observe a severe and rather unusual form 
of serum disease in twenty-four patients. An intra- 
venous dose of 25 grams of albumin was given to a group 
of 60 volunteers. Twcnt 3 '-four of these developed sjunp- 
toms. The striking clinical features of the disease were 
as follows; (1) long incubation period (10 to 33 daj's) ; 
(2) variation in severity from a very mild illness to a 
protracted one (4 to 6 weeks) with high fever; (3) the 


* Done during the tenure of a Life Insurance Medical 
Research Student Fellowship. 

t This work was done under a contract recommended by 
the Committee on Mctlical Research between the 0:ncc 
of Scientific Rcse.arch and Development and Harvard 
University. 


frequency of purpura, signs of hepatic and renal damage, 
and cardiac symptoms with electrocardiographic changes. 
Death occurred in one instance, and necrosis of the myo- 
cardium was found. 

Immunological studies in the whole group indicated 
that bovine serum albumin, in man, as in experimental 
animals, is a relatively poor antigen in terms of its ca- 
pacity to induce the formation of antibodies delectable by 
either the skin test or the precipitin test In normal hu- 
mans, as in animals, bovine albumin disappears veiy 
slow’ly from the circulation, whereas in certain instances 
of serum disease its disappearance w’as greatly accelerated. 
In some cases of severe serum sickness, recovery oc- 
curred before the disappearance of the bovine albumin 
from the circulation and antibodies never appeared. The 
relationship of the sj-mptoms in the patients to the im- 
munological phenomena will be discussed, as this experi- 
ence with a disease caused by a measurable foreign pro- 
tein without the power of multiplication raises many 
interesting questions concerning the pathogenesis of in- 
factious diseases due to living agents. 

Effect of An.riety on the Cardiac Output, John B. 
Hicham, and Walter H. Cargill, Atlanta, Ga., (In- 
troduced by Julian Ruffin). 

Anxiety causes a marked increase in cardiac output 
Twenty-three unselected medical students were studied 
immediately before and 24 hours after an important aca- 
demic examination. As measured by the ballistocardio- 
graph, the group showed an increase in cardiac output of 
approximately SO per cent over the composed level. The 
greasiest increase was 180 per cent 
Studies with the technique of intracardiac catheteriza- 
tion measuring the cardiac output by the Pick Principle 
were carried out on hospital patients. Anxiety was spon- 
taneous or induced by suggestions; relative composure 
was obtained by reassurance, with or witliout light seda- 
tion. The data demonstrated tliat anxious individuals at 
rest may maintain a cardiac output %vhich is much in ex- 
cess of composed individuals, but without a corresponding 
increase in oxj-gen consumption. . If an anxious person 
docs sufficient work to increase tlie oxygen consumption 
to a level of 250 to 400 cc. per minute per square meter, 
the cardiac output maj" not be increased . Indeed, in cer- 
tain subjects light work may cause the output to fall 
below that present in the resting but an,xious state. 

Studies on patients witli left ventricular failure dem- 
onstrate that stimulus (work) which normally increases 
the cardiac output does not have liiis effect in severe 
heart failure. Instead the pubmonary pressure rises, pre- 
sumably because oi damming up o: blood behind the 
failing left ventricle. 

Reflex stimuli normally resulting in an ir.crcp.;c in car- 
diac output would be expected to cautc in jatients v.ii;’. 
left ventriadar failure a rise in pulmonary prcsrurc. 
This offers a rational cxplaruitis.-n for t.he precipitaticn of 
attacks of acute pulmonary c-lema b;.‘ tmoti-rAl stimuli 
and b;.- re.nex stimuli frem the plcu.m cr feritsr.rum du.-ir.g 
the removal cf fluid bs- raracenttris. 
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Streptomycin; an Antibiotic Effective Against Some 
Forms of Clinical Tuberculosis. H. C. Hinshaw and 
(by invitation) W. H. FeldiiIAn, Rochester, Minn. 

The present status of streptomycin therapy in experi- 
mental tuberculosis of guinea pigs under varying condi- 
tions is briefly described and evidence presented to indi- 
cate that this drug is a highly effective antibacterial agent, 
even when utilized under unfavorable experimental con- 
ditions. The clinical possibilities and limitations of 
streptomycin for treatment are discussed briefly. Evalu- 
ation is based on experience with treatment of approxi- 
mately 125 patients with different types of tuberculosis 
during the previous two and a half years. Clearly rec- 
ognizable therapeutic effects are noted in many types of 
the disease, including tuberculous meningitis; miliary tu- 
berculosis ; progressive, exudative pulmonary tuberculosis ; 
ulcerating tuberculous lesions of the larynx, trachea and 
larger bronchi ; tuberculous draining sinuses, and tubercu- 
losis of the genito-urinary tract The effect of strepto- 
mycin appears to be limited to a suppression of the infec- 
tious process. The permanence of results may depend on 
whether or not natural healing may be achieved during 
the few months of effective action prior to the appearance 
of drug-resistant strains of Mycobacterium tuberculosis. 

Extent of Vasodilatation Induced in Different Vascular 
Beds After Systemic Autonomic Blockade with Tet- 
raethylammonium. S. W. Hoobler, Rosalie B. Ne- 
LiGH, Gordon K. Moe, S. Don Malton, Saul Cohen, 
and H. T. Ballantine, Jr., (by invitation) and R. H. 
Lyons, Ann Arbor, Mich. 

In normotensive and hypertensive subjects injection of 
tetraethylammonium results in a temporary decrease in 
the total peripheral resistance as manifested by a re- 
duction in mean arterial pressure and a maintained or in- 
creased cardiac output. The blood flow through vascular 
beds believed to be normally under some degree of vaso- 
motor tone is markedly increased. The volume flow of 
blood in the hands and feet as measured by the venous oc- 
clusion plethysmograph increases significantly above 'rest- 
ing levels following the administration of 500 mg. of the 
drug and exceeds the levels achieved by other vasodilating 
drugs and may occur despite a marked decrease in arterial 
pressure. Blood flow seldom reaches the levels seen after 
sympathetic block with metycaine or after heat to the 
trunk, suggesting that a complete autonomic blockade is 
not produced. On the other hand there is a rise in cu- 
taneous circulation as judged by increase in skin tempera- 
ture of the hands and feet frequently with abolition of the 
temperature gradient. After sympathetic denervation of 
the extremity the blood flow is not further increased by 
administration of this drug. Induced vasoconstrictor re- 
flexes in the hands and feet are reduced or abolished after 
tetraethylammonium. Blood flow in the forearm is only 
slightly increased after administration of the drug. Renal 
blood flow as measured by para-amino hippurate clearance 
is unaffected despite variable reductions in arterial pres- 
sure in hypertensive and normal subjects. It is suggested 
that increase in blood flow through various vascular beds 
following tetraethylammonium depends on the presence of 
neurogenic vasoconstrictor tone in these areas. 


Sickle Cell Anemia. I. The Structural Defect of the 
Erythrocytes in Sicklemia. William H. Kelly and 
(by invitation) P. K. Switzer, George Mangan, Wil- 
liam M. McCord and B. F. Culp, Charleston, S. C. 

Preliminary studies arc in process of completion to show 
that the error of construction of erythrocytes in sicklemia 
resides in the cell membrane or stroma. 

The erythrocytes in sicklemia exhibit an increased he- 
matocrit value when reduced, whereas, with normal red 
cells the reading is equal or tends to be reduced under 
the same conditions. 

An analysis of samples shows the increase in the he- 
matocrit value of reduced sicklcmic erythrocytes is at- 
tended by at least a proportionately greater amount of 
intercellular fluid. This indicates that the reduced red 
cells of sicklcmic blood are not of increased size but pos- 
sess a greater viscosity than oxidized normal or sicklcmic 
erythrocytes. 

A comparison of the cell shadows from laked sicklcmic 
and visual erythrocytes by the above technic showed ap- 
parently identical differences. 

Cerebral Blood Flow and Metabolism in Diabetic Acidosis 
and Coma. Seymour S. Kety, B. David Polis, Carl 
S. Nadler and Carl F. Schmidt, Philadelphia, Pa. 
(Introduced by Isaac Starr). 

Quantitative measurement of cerebral blood flow and 
metabolism of 13 patients in profound diabetic acidosis or 
coma was made by means of the nitrous oxide method. 
On admission the mean values for blood glucose, arterial 
CO„ content, and arterial pH were 560 mg. per 100 cc., 
12 volumes per cent and 7.06 respectively. No significant 
differences with respect to age, blood pH, CO„, glucose 
electrolyte patterns or cerebral blood flow were demon- 
strable between patients who recovered and those who 
succumbed. Those who recovered exhibited higher cere- 
bral oxygen consumption, better mental function, higher 
blood pressure .and lower blood ketone concentration. A 
reduction in cerebral oxygen consumption of 40 per cent 
from the normal was associated with failure to respond 
to treatment and death within 12 hours. These data, 
hitherto unobtainable, permit an evaluation of numerous 
factors held to play a role in the cerebral depression and 
frequent irreversibility of this condition. Correlation of 
cerebral oxygen consumption with some of these func- 
tions reveals the following: poor correlation with blood 
glucose, COj, total base or chloride concentrations, or 
with cerebral blood flow; a just significant correlation 
with arterial hydrogen ion activity (r = 0.43 ± fr 0.187) ; 
the best correlation was obtained with blood ketone con- 
centration (r = — 0.65 ± cr 0.132). 

The Rate of Conduction in the Human Atrium. C. E. 
Kossmann, and (by invitation) A. R. Berger, J. 
Brumlik and S. Briller, New York, N. Y. 

The classical experiments of Lewis and his associates in 
which they demonstrated that the rate of electrical con- 
duction in the dog’s atrium is 1,000 mm. per second were 
repeated, with modifications, in man. 

By means of two string galvanometers and an electrode 
passed into the right atrium through an antecubital vein. 
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intraatrial potentials at various levels between the cavae 
were recorded simultaneously with a standard lead. Dis- 
tances between levels were measured radiographically by 
two techniques. Times of intrinsic deflections were meas- 
ured 'using a fixed wave in the simultaneous lead as a 
reference point. In three men with normal sized hearts 
the calculated rates of conduction in the right atrium were 
2,275 mm. 2,666 mm. and 1,866 mm, per second respec- 
tively. 

Assuming that the spread of excitation through the 
atria is uniform and knowing that the mean duration of 
the P wave in the human electrocardiogram is 0.08 sec- 
ond, the distance from the region of the sino-auricular 
node to the farthest reaches of the atria, most probably the 
tip of the left atrial appendage, is calculated to be ap- 
proximately 18.5 cm. Measurements on models, on cross- 
sectional anatomical drawings, and on fresh human hearts 
at necropsy indicate that the distance in question is ap- 
proximately 15 to 22 cm., and that the anatomical con- 
siderations are in. accord with the physiological observa- 
tions. 

The conclusion reached is that in a sinoatrial rhythm 
electrical excitation travels two or more times faster in 
the human than in the canine atrium. 

Calcinosis, Scleroderma and the Anti-Stiffness Factor. 
John Lansburv, Rosalind Wulzen, Lawrence W. 
Smith and William J. van Waotendonk, Philadel- 
phia, Pa. (Introduced by Richard A. Kem). 

The anti-stiffness factor was detected by Wulzen and 
Bahrs in greens and isolated from raw cream and cane 
juice by van Wagtendonk and Wulzen. Guinea-pigs 
lacking it develop muscular stiffness and degeneration 
and eventually deposits of calcium between muscle fasd- 
culi, around joints, under the skin and in parenchymal 
organs. The anti-stiffness factor reverses the early 
changes. It appears to be a regulator of phosphorus 
metabolism. 

This communication describes the roentgen appearance 
of the calcifications and compares them with the deposits 
found in human calcinosis. Striking similarities to both 
circumscribed and interstitial types are noted. (These 
are associated with sderoderma and dermatomyositis in 
humans.) The lesions induced by excess vitamin D arc 
compared and excluded as the cause of both animal and 
human lesions. 

Since the lesions induced at will in guinea-pigs by de- 
ficiency in the anti-stiffness factor are roentgenographi- 
cally identical witli those of human calcinosis, we postu- 
late that a deficiency of this or similar substances may be 
one of the factors in the pathogenesis of human calcinosis 
and possibly scleroderma and dermatomyositis. 

The Effects of Radiation on Hcmofoicsis. Is there on 
Indirect Effect' John S. L.cwhence and (by invita- 
tion) William N. Valentine and Axtirxw H. Dowdy, 
Rochester, X. Y. 

Twenty-six successful cross circulation experiments 
(carotid-to-carotid anastomoses) were performed between 
a normal cat and one which had received leCOr whole 
body radiation at some interval up to eighty-two hours 


before cross circulation. In seven experiments, one ani- 
mal was radiated at the time the carotid anastomoses were 
functioning, the normal partner being shielded during 
radiation. The total and differential leukocyte counts 
of the normal cat were followed for approximately twenty- 
eight days after cross circulation was discontinued. 

The data were not considered to support the thesis of 
indirect effects peculiar to radiation mediated via the cir- 
culation. A trend toward slightly lowered absolute 
lymphocyte counts in normal animals after cross circula- 
tion was not considered significant and in no instance 
did leukopenia develop in the normal animal. A review 
of the medical literature revealed no convincing support 
for indirect radiation effects. 

The clinical impression that leukopenia results in hu- 
mans given repeated radiation either over non-hemopoietic 
tissue or over very limited amounts of hemopoietic tissue 
needs .to be very critically reviewed. 

Clinical Hypoprothrombinemio: A Study of Factors A 
and B of Prothrombin. Jessica H. Lewis and Ivan 
L. Bennett, Jr., Atlanta, Ga. (Introduced by Eugene 
A. Stead, Jr.). 

Clinically, hypoprothrombinemia may be due to one or 
more of the following causes; (1) vitamin K deficiency, 
due to poor diet or poor absorption, (2) severe liver 
damage, (3) administration of drugs (dicoumarol and 
salicylates), and (4) idiopathic or unexplained h>-popro- 
thrombinemia. 

Quick (1943) and Feissly (1943) have shown that the 
prothrombin reaction is dependent upon the presence of 
at least tw'o substances in normal plasma. Factor A is 
reduced by aging or heating plasma and Factor B is re- 
duced in vivo by administration of dicoumarol or in vitro 
by absorption with aluminum hydroxide or barium sulfate. 
Standard methods of preparing Factor A and Factor 
B plasma are presented and attempts are made to char- 
acterize these factors by the effects of heat, pH, and Ca** 
ion on each. Employing preparations oi these factors, 
studies were made on plasma obtained from patients with 
the various types of prothrombin deficiencies. 

As examples of each type of prothrombin deficiency 
patients manifesting symptoms of obstructive jaundice, 
Laennec’s drrhosis, dicoumarolization, and idiopathic hy- 
poprothrombinemia arc presented. 

Our patient suffering from idiopathic hj-poprotiirombi- 
ncmia is unique in our experience and among the rare 
published cases. The onset was abrupt at age 29 with al- 
most complete disappearance of Factor B of protlirombin, 
the Quick prothrombin time being prolonged to 10 min- 
utes with a whole blood coagulation time prolonged to O) 
minutes. Fibrinogen and formed elements oi th.e blood 
were normal. Tlie patient received massive dos.igc oi 
vitamin K, with sim.ultar.cous return of circulnting pro- 
thrombin, Under observation she has maintained n''rmal 
prothrombin witiiout treatment for 60 day*. 

In all four types oi prothrombin deficiency there svas 
demonstrable a shmilar defect, trait is. reductien e( Fac- 
tor B with apparently norma! Factor A. Administration 
of 1C ciO'wr ss 

hydroquir.cne-dip.hosph.cria arid ester tetras-dium. ;a': 
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(synkavite) or 2-methyl-3-phytyl'l, 4-naphthoquinone (vi- 
amin K-1) caused rapid regeneration of Factor B unless 
severe liver damage was present. 

These investigations suggest that vitamin K is neces- 
sary for the formation of Factor B of prothrombin. 
Since no clinically demonstrable deficiency of Factor A 
was found in these patients, the role of vitamin K in re- 
lation to this factor is problematic. 

The Direct Isolation of Mumps Virus in Chick Embryos. 
Glen R. Leymaster and Thomas G. Ward, Baltimore, 
Md. (Introduced by Thomas B. Turner). 

Successful direct isolation of mumps virus has not been 
reported in this country, so far as the authors are aware. 
Mumps virus has been isolated in this laboratory by chick 
embryo inoculation, from 4 of 5 patients ill with parotitis 
during the first four days of illness. Two of these strains 
have been inoculated into monkeys, which developed clini- 
cal and serological evidence of mumps. Each strain was 
re-isolated from monkey parotid by embryo inoculation. 
Penicillin and streptomycin are added to the patient’s 
saliva to a final concentration of 250 and 2500 units per 
milliliter, respectively. One-tenth milliliter of the saliva- 
antibiotic mixture is then inoculated into the amniotic sac 
of seven day old embryos. 

After seven days incubation at 35° C., amniotic fluid 
and membranes are removed. The fluid is tested by chick 
cell hemagglutination. Positive fluids are re-inoculated. 
The amniotic membranes of negative specimens are ground 
with their respective amniotic fluids, and re-inoculated. 
Three passages are carried out before a specimen is con- 
sidered negative. 

Identification of the virus as mumps is accomplished by 
hemagglutination inhibition and complement fixation tests, 
using amniotic fluid as antigen. 

Further laboratory studies, including neutralization tests 
in embryos, are now in progress. 

Fluoromctric Measurement of Plasma Quinidine and its 
Correlation with Cardiac Effects in Man. Arthur J. 
Linenthal, Stanley Ulick and Lawrence A. Pat- 
terson, Boston, Mass. (Introduced by Joseph E. F. 
Riseman) . 

Measurement of the fluorescence of quinidine provides 
a simpler and more sensitive means of determining its 
concentration than has previously been available. 

In man, within fifteen minutes after a single oral dose, 
quinidine can be detected in the plasma. Maximum levels 
are reached in 1 to 3 hours and may be maintained for 
2 to 3 hours. Appreciable amounts remain after 8 to 12 
hours. Average peak concentrations after single doses 
of 0.2, 0.4 and 0.6 gm. are, respectively, 0.8, 1.3 and 2.0 
mg. per liter. 

When the same dose is repeated every two hours, i.c. 
at the peak response to the preceding dose, the concen- 
tration increases with the first four or five doses only. A 
further increase in concentration can be attained more 
effectively by increasing the size of the individual dose 
than by increasing the frequency of administration. 

WHien the same dose is repeated every 6, 8 or 12 hours, 
peak concentrations are similar and do not increase. 


With the more frequent administration the level is 
better maintained between doses. 

Suitable plasma concentrations for the therapy or 
prophylaxis of cardiac arrhythmias can thus be attained 
by planned doses according to one of the general sched- 
ules described above. 

Plasma concentrations parallel closely the effect on the 
heart as measured by the rate of oscillations in auricular 
fibrillation, and by the Q-T duration. This correlation 
affords a new quantitative approach applicable to the 
clinical and pharmacological study of this cardiac drug. 

The Application of the Isotope Technique to the Study 

of the Rates of Formation of Blood Constituents in Man. 

Irving M. London, David Shemin, and D. Ritten- 

berc. New York, N. Y. (Introduced by R. West). 

The feeding of glycine labeled with N’' to humans re- 
sults in the incorporation of N“ in the serum proteins and 
the heme of red blood cells as well as in other body con- 
stituents. Glycine is the nitrogenous precursor of the 
protoporphyrin of hemoglobin. The N“ is incorporated 
in the red blood cell during the deposition of hemoglobin, 
and the labeled porphyrin remains in the cell until the 
cell disintegrates. The porphyrin is not subsequently 
reutilized for hemoglobin synthesis. Accordingly, the 
isotope technique affords a unique method for studying 
the kinetics of red cell formation and for determining 
the average life span of the human red cell. This life 
span has been found to be 127 and 128 days in two 
normal adult men. Data on the rates of generation and 
on the life span of red cells in a patient with pernicious 
anemia and in another with polycythemia vera have been 
obtained which may clarify certain factors in these disease 
processes. Serial measurements of N” concentration in 
electrophoretically separated fractions of serum proteins 
have yielded information on the relative rates of elabora- 
tion of these proteins. Correlative studies of N” concen- 
tration in urinary urea, ammonia and uric acid have pro- 
vided further information on protein and purine me- 
tabolism. 

The Relation of the Rh Factor in Cirrhosis of the Liver. 

Frank S. Lovingood, Philadelphia, Pa. (Introduced by 

Franklin R. Miller). 

Of the various factors listed as contributing to the pro- 
duction of cirrhosis of the liver, erythroblastosis fetalis 
and the familial tendency are probably mentioned least 
often. One is able to find several reports of each type 
in the literature. 

Recently twenty cases of cirrhosis of the liver have 
been studied; 45 per cent or nine patients were found to 
be Rh negative and 55 per cent or eleven patients were Rh 
positive. The percentage of Rh negative patients seems 
significant. 

Cirrhosis that follows icterus gravis neonatorum is 
probably due to an antigen antibody reaction. The mother 
forms antibodies against the Rh agglutinogen of the 
fetus. The antibody passes into the fetal circulation re- 
sulting in hepatic damage. 

The development of the Rh negative and familial cir- 
rhosis may be identical in that the development may be 
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due to incompatibility between a Rh positive mother and 
a Rh negative fetus. Infants bom tinder- such circum- 
stances, as well as those bom with icterus gravis neo- 
natorum, probably begin life with decreased hepatic re- 
serve and, therefore, are more prone to develop dimca! 
cirrhosis of the liver later in life. The time of develop- 
ment will depend on the degree of initial damage, as well 
as the degree of further damage from infection, ingestion 
of alcohol or poor dietary measures. 

A Sludy of the Mechamsm of Nephrotic Edema. John 
A. Luetscheb, Jr., Baltimore, Md. 

The association of hypoproteinemia, sodium retention, 
and edema in nephrosis is well known, but the funda- 
mental mechanisms leading to these manifestations are 
' obscure. The decreased colloid osmotic activity of the 
plasma may facilitate the development of edema, but is 
not necessarily related to the presence or absence of 
clinical edema. 

The repeated administration of concentrated human 
serum albumin to patients with nephrosis increases the 
concentration of albumin and the colloid osmotic activity 
of plasma. The consequent large shift of fluid into the 
plasma minimizes the rise in protein concentration despite 
the greatly increased circulating protein. These im- 
pressive circulatory changes are followed by smaller 
and sometimes ineffectual changes in the renal e.xcre- 
tion of salt and water. The glomerular filtration rate 
is generally increased, and the proportion of sodium 
reabsorbed is greatly diminished. The moderate diuresis 
of sodium is not necessarily correlated with increased 
urine flow or with e.vcessive proteinuria, and is not re- 
produced by the administration of mannitol, an os- 
motically active and unreabsorhed substance. 

Spontaneous diuresis in nephrosis is distinctively dif- 
ferent from the diuresis induced by the administration of 
albumin in that the plasma volume and protein concen- 
tration may change only slightly during a spontaneous 
diuresis, while the proportion of sodium reabsorbed by 
the renal tubule is diminished even more than after 
albumin therapy. 

It is concluded tliat the reabsorption of an e-xcessive 
proportion of sodium by the renal tubule is responsible 
for the intractable edema of nephrosis, and tliat tlie 
restoration of the total circulating protein to nearly nor- 
mal levels docs not immediately lead to diuresis. The 
relationships between hypoproteinemia, edema, and renal 
function are being further ins'cstigated. 


six patients with post-vagotomy gastric retention by 
promoting gastric evacuation by means of the para- 
sj-mpathomimetic drug, urethane of B-methyl choline 
(Urecholine). 

The drug is administered orally after each of the main 
meals of the day in dosage of 6 to 10 mg. The patients 
have remained free of symptoms of retention while- 
taking the drug but not when a "placebo” was sub- 
stituted. Within 5 to 10 minutes of a subcutaneous 
injection of a 5 to 10 rag. dose, peristaltic activity in 
the antrum of the stomach can be demonstrated roent- 
genologically or by means of a recording balloon. The 
drug does not give rise to a significant increase in free 
hydrochloric acid providing the patient is permitted to 
swallow salR-a or if the stomach contains neutralizing 
food substances. 

Osmotic Factors Influencing the Formation of Ascites 

ht Patients with Laennec’s Cirrhosis of the liver. 

Harold Mankin and Alice Lowell, New York, N. Y. 

(Introduced by Arthur J. Patek, Jr,). 

Effects of experimental alteration of the colloid 
osmotic pressure of the plasma and ascitic fluid and of 
the intraperitoneal hydrostatic pressure were studied in 
10 patients with cirrhosis and ascites. The colloid 
osmotic pressures of the plasma and ascitic fluid were 
measured directly in an Hepp osmometer. The ascitic 
fluid volume was measured by an adaptation of the 
Evans Blue dye technique. 

In each patient the difference between the colloid 
osmotic pressures of the plasma and the ascitic fluid 
remained approximately constant through periods of 3 
months to 1 year. Following (I) alteration of the 
intraperitoneal hydrostatic pressure by abdominal para- 
centesis, (2) increase of the colloid osmotic pressure of 
the plasma during mercurial diuresis, (3) decrease of the 
colloid osmotic pressure of the plasma after the oral 
administration of salt solution, or (4) decrease of the 
colloid osmotic pressure of the ascitic fluid by the intra- 
peritoneal injection of physiological saline solution, 
there were temporarj- changes in the rates of fluid and 
protein exchange between the plasma and ascitic fluid 
which served to restore the pre-existing constant dif- 
ference between the colloid osmotic pressures of Uie 
plasma and ascitic fluid. 

The results are interpreted as consistent with the 
Starling hypothesis describing osmotic equilibrium 
between transudates and Uie plasma. 


The Pharmacologic Promotion of Evacuation from the 
Post-Vagoiomy Retentive Stomach. Thomas E. 
Machella and (by invitation) Horace H. Hodges 
and Stanley H. Lokber, Philadelphia, Pa. 

One of tlic complications which had developed following 
section of the v,-igus nerves for peptic ulcer has been 
gastric retention. This has occurred especially in those 
patients who liave not !’.ad a gastroenterostomy or who 
do not have an adequately functioning one. For the 
relief of retention, additional surgerj'- some form of 
gastroenterostomy, has had to be performed. 

It has been fo-ond possible to avoid s-argery in each of 


A Study of the Plasma end Tissue Globulins it: .Myrla- 
malosis. Kicholas H. Martin, Boston, 'fass. (In- 
troduced by James L. Gamble). 


In a patient witlr multiple myeloma, the total plasma 
proteins were estimated as 10.9 gram.s per 101 mis. 
plasma. By electrophoretic analysis. 05 per cent cf ti-.e 
total moved with the mobility cf •/-glob-jlins. There rvai 
no apparent excess of s or “ glob-a!:ns. This y-glcl-jlir. 
was separated from the other plasma jrc'.eir.s vr.-i cvm- 
pared with t-globulin from r.armrd Imman jlssma. It 


moved as a discrete v.cli-defi.nrd entity having 
cf the order cf 1.1 >'■ JO"* cm/vclts.'iec. h'er 
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was heterogeneous in the ultracentrifuge, having a pat- 
tern quite unlike that of 7 -globulins obtained from normal 
plasma. • Moreover, it precipitated from an acetate buf- 
fer, ionic strength, 0.01 mols/L and of pH 6.0. In this 
also it differed from 7-globulin from normal human 
plasma. 

The patient died in hospital, and a diagnosis of multiple 
myeloma was confirmed at autopsy. Tumor tissue was 
taken at autopsy, frozen, washed free of blood, and saline 
preparations examined. Ultracentrifugal studies showed 
the presence of abnormal globulins similar to those iden- 
tified in the plasma. Similar globulins, though in much 
smaller amounts, were identified in the splenic pulp. Ex- 
amination of control tissues from a normal individual 
treated in the same way, gave no indication of the pres- 
ence of these globulins. 

It is suggested that the 7-globulin circulating in tlic 
plasma of patients suffering from myelomatosis is ab- 
normal and arises from the tumor cells. 

Streptomycin in the Treatment of Tuberculosis in Hu- 
mans, Walsh McDermott, Carl Muschenheim, 
and Susan Hadley, New York, N. Y. (introduced 
by David P. Barr). 

Since January, 1946, a clinical and laboratory investi- 
gation of the treatment of tuberculosis in humans has 
been conducted. More than fifty patients have been 
treated with a uniform preparation of streptomycin sul- 
fate. The drug was prepared from crystalline material 
and is believed to be at least 95 per cent pure. The 
experimental series includes fourteen patients with acute 
hematogenous tuberculosis or meningitis and approxi- 
mately forty individuals with pulmonary disease. The 
majority of the latter infections were either caseo-pneu- 
monic or predominantly exudative in type. Approxi- 
mately two-thirds of the series have been observed for 
periods of six to twelve months after the institution of the 
antibacterial therapy. 

The course of the infection before, during and after 
streptomycin therapy has been studied by frequent clini- 
cal, roentgenological and bacteriological observations. 
Histologic studies of the nature of the tuberculous lesions 
have been made on the tissues of five individuals who had 
received streptomycin for periods ranging between 90 
and 300 days before death. 

The in vitro streptomycin sensitivity of tubercle bacilli 
isolated from each patient at biweekly intervals has been 
determined in Dubos media. The development of in vitro 
drug resistance appeared after four to eight weeks of 
therapy in the majority of patients from whom tubercle 
bacilli could still be cultured at that time. A definite 
correlation was found between the streptomycin sensi- 
tivity of a patient’s organism in vitro and the response 
of that particular infection to the continued administration 
of the drug. 

The institution of streptomycin therapy was associated, 
in every instance, with a definite and sometimes dramatic 
effect upon the course of the tuberculous infection. In 
certain forms of the disease, notably in acute hemato- 
genous tuberculosis, a high incidence of relapse resulted 
from the development of drug-resistant strains of tubercle 
bacilli. The most uniformly satisfactory results were 


observed in the treatment of early exudative infections, 
moderately or far advanced in extent and which were 
usually associated witli thin-walled cavities. 

"Fonoard Failure”: The Mechanism of Cardiac Edema 
Formation in Subjects with Normal or High Cardiac 
Outputs. Arthur J. Merrill and Walter H. Car- 
gill, Atlanta, Ga. (Introduced by Paul B. Beeson). 

Previously presented evidence favoring the fonvard 
failure concept of edema formation in advanced heart 
failure consists of the following; (1) Marked reduction 
in renal plasma flow and filtration rate which is inde- 
pendent of venous pressure levels and closely related to 
inadequacy of cardiac output (2) Filtration rates below 
approximately 70 cc. per min. result in a critical reduction 
of the amount of salt and water presented to the tubules. 
(3) Almost complete rcabsorption by the tubules occurs 
with a net retention of salt and water and consequent 
edema formation. The cause of edema in patients with 
low cardiac reserve, but an adequate resting cardiac out- 
put and renal function, has not been explained; nor has 
edema associated with a high cardiac output, as in 
tliyrotoxic heart disease. 

The present work deals with a study of the effect of 
light exercise on the renal blood flow of patients in whom 
light exercise would be expected to bring out inadequacy 
of cardiac reserve. It was necessary that they have a 
high enough renal plasma flow and filtration rate to 
make possible a demonstration of significant reduction 
with exercise. Seven of 10 cardiac subjects had a fall 
in filtration rate witli e.xercise which approached, the 
critical level of 70 cc. per min. Of 9 normal individuals, 
none had an appreciable fall in filtration rate, though a 
few showed a substantial decrease in renal plasma flow. 

In thyrotoxicosis the cardiac output parallels the 
BMR. Eight thyrocardiac patients with mild and mod- 
erate failure showed no striking change in renal plasma 
flow and filtration rate. One with severe failure in the 
presence of a high cardiac output had marked diminution 
in renal blood flow and filtration rate; these rose to 
normal as the BMR fell. One other patient with severe 
failure had a low renal blood flow but the filtration rate 
was normal. 

Thus it appears that while there is no fixed level of 
cardiac output at which the renal plasma flow and filtra- 
tion rate fall, reductions may occur when the tissue de- 
mands exceed the ability of the heart to respond. If 
the filtration rate becomes sufficiently low, retention of 
salt and water (edema) occurs. 

Possible mechanisms of the renal shutdown are 
mentioned. 

Renal Blood Flow and Sodium Excretion Studies in Con- 
gestive Heart Failure.* Reuben Mokotoff and George 
Ross, New York, N. Y. (Introduced by Louis Leiter). 

A study of the renal plasma flow, glomerular filtration 
rate, and sodium excretion in congestive heart failure was 

* Aided by a grant from the Martha M. Hall Founda- 
tion and the Committee on Scientific Research of the 
American Medical Association. 
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undertaken, since it has been postulated that cardiac edema 
is the result of failure of the kidney to excrete sufficient 
amounts of sodium and water. We found, in a series of 
16 cases of chronic congestive liSrt failure due pre- 
dominantly to rheumatic heart disease, that the mean 
“effective” renal plasma flow was 30 per cent and the 
mean glomerular filtration rate 65 per cent of normal. 
The mean filtration fraction was increased to 36.7 per 
cent as compared to 16.6 ± 1.5 per cent in our group of 
14 normals. Five rheumatic cardiacs not in heart failure 
had normal glomerular filtration rates, renal blood flow 
and sodium clearances. 

In 2 congestive failure cases in which 4 per cent sodium 
chloride was given, there was an excretion rate of 1 per 
cent and 1.5 per cent during the test period as compared 
to 7.4 per cent and 9 per cent in two normal patients 
under similar test conditions. The decreased sodium 
excretion found in congestive heart failure is due to a 
diminished filtration rate and not to an increased tubular 
reabsorption since the rate of reabsorption is the same for 
the cardiac in failure and for the normal and is a direct 
function of the glomerular filtration rate. It will be 
shown that the following equation expresses, as a first 
approximation, the relationship between the rate of tu- 
bular reabsorption (T) and the glomerular filtration rate 
{Cm): 

T “ P JTaCm 

where Psa Equals the plasma concentration of sodium and 
represents the slope of the line. Physiologically induced 
variations in the filtration rate from 100 to 219 cc. in the 
normal and from 60 to 90 cc, in the cardiac also reveals 
constancy in the rate of sodium reabsorption. This 
amounts to a mean of 13.3 millimols per 100 cc. of 
glomerular filtrate under our experimental conditions. 

Our findings are consistent v.'ith the views as outlined 
by Stead and Merrill that in chronic congestive heart 
failure there is a decreased sodium load presented to the 
tubules for reabsorption, which fact is responsible for the 
series of events — increased blood volume, increased venous 
pressure — leading to cardiac edema. 

Use oj Chemotherapeutic and Antibiotic Agents in the 
Isolation of Finises from Contaminated Sources. Her- 
bert R. Morgan, Boston, Mass. (Introduced by Max- 
well Finland). 

This is part of a study designed to test the usefulness 
of certain dicmotlicrapcutic and antibiotic agents as aids 
in the direct isolation of viruses in eggs from con- 
taminated sources such as sputum, urine and feces. 
Psittacosis virus was used since it occurs in tlie nasal 
secretions and feces of its natural host. A standard 
preparation of seed virus was used tliroughout the study 
and rarj-ing dilutions of the virus and different amounts 
of the test agents were injected into tlie eggs by the 
yolk sac route. 

Sulfadiazine and penicillin were found to inhibit the 
growth of the virus while streptomycin and tjTothrycin 
had no appreciable effect. Streptomycin alone and in 
combination t\-ith tyrothrycin was found useful for tire 
isolation of psittacosis Hrus from fecal materia! on direct 
injection of eggs ana the yolk sac route, both with vims 


added to normal human feces and from the feces of 
mice infected with psittacosis virus by the intravenous 
route. P-aminobenzoic acid and folic acid were found 
to counteract the inhibitory action of sulfadiazine, but 
had no effect on the multiplication of the virus. Cysteine 
HCl itself had no effect on the virus. WTien injected as 
long as 4 hours after the penicillin and virus, cysteine 
HCl inhibited the action of the penicillin on the growth 
of the virus. 

A Study of Forty Patients JVho Died in Liver Coma. 
T. L. Murphy, T. C. Chalmers and R. D. Eckhardt, 
Boston, Mass. (Introduced by* George R. ilinot) . 

A study is presented of 40 autopsied patients who died 
in coma within the past two years, all of whom had 
severe primary liver disease. The coma was precipitated 
by infection in seventeen, and Hemorrhage in three. No 
extra-hepatic factor was found in the remaining twenty 
(“pure coma”). 

The clinical and liver function studies of the patients 
in “pure coma”- did not differ significantly from their 
pre-coma studies nor from those of other patients with 
severe liver disease not in coma. The concentrations of 
blood non-protein nitrogen, glucose, chloride, carbon di- 
oxide combining power, bilirubin, and phenols, although 
frequently abnormal, were not sufficiently altered to ac- 
count for the coma. Determinations of plasma alpha, 
amino m'trogen in comatose patients were normal. 

Confusion and delirium for which sedatives were used 
often preceded the coma, and in six of the uncomplicated 
cases such sedation induced deep sleep which merged im- 
perceptibly into coma. 

Except in two patients in whom concentrated glucose 
temporarily lightened coma, the administration of intra- 
venous dextrose, vitamin B complex, liver extract, protein 
hydrolysate and prophylactic chemotherapy failed to alter 
the coma. In the past two years there have been no pa- 
tients with severe liver disease alone who recovered from 
coma. After prolonged treatment two have recovered 
from coma secondary to sedation. Two patients with in- 
fection which induced coma recovered after similar par- 
enteral nutrition and control of infection. 

It is concluded that although clinical and laboratory 
examinations do not elucidate the etiology of liver coma, 
sedation as well as infection and hemorrhage is an im- 
portant contributing factor. Intravenous glucose, B com- 
plex vitamins, liver extract and protein hydrolysates arc 
therapeutically supportive but arc not specific analeptics. 

Correlation of Electrocardiographic and Pathologic Find- 
ings in Infarction of the Lateral F/all of the Left 
Ventricle. GosDo:,' B. Msties and (by invitation) 
Howard A. Klein and Bert E. SrorE-R, Detroit, Mich. 

Lateral infarction was established by necropsy in ninety 
cases. Pathologic cxami.nation included coronary injec- 
tion with radio-opiaque mass, section by Sci'.leiinrcr tech- 
nique or transverse slices, roentgenogram, and multiple 
microscopic bloclts. Standard limb and Wilren pre- 
cordia! leads were asnilable in every case and Gel I’crger 
extremity leads were cbtzir.ed in eirh.ty cr.mi. 
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Anterior infarction extending into the lateral wall of 
the apex was found at necropsy in forty-six cases. Lat- 
eral extension was manifested by abnormal Q waves in 
Vs. 0 and usually in aVL, whereas infarction confined to the 
anterior wall was manifested by abnormal Q waves in 
Vi. 3, 4. Lateral extension from posterior infarction was 
found in twenty-five cases. A diagnosis of lateral ex- 
tension could be made from Vo or aVi. in eleven cases 
and of posterior infarction from aVp in seventeen of 
twenty cases. Primary lateral infarction was present in 
nineteen cases. Infarcts confined to the lateral aspect of 
the apex were recognizable from the pattern in Vs. « and 
aVr„ whereas those localized to the lateral aspect of the 
base could usually be suspected from aVi. and confirmed 
by high precordial leads. 

The infarct was generally maximal in or limited to the 
subendocardial layer and the thickness could be estimated 
from depth and duration of the Q wave. Infarcts confined 
to the subepicardial layer were accompanied by abnormali- 
ties in the T, but not in the Q wave. 

The correlation of electrocardiographic and autopsy 
findings will be brought out by the presentation of il- 
lustrative cases. 

Measurement of the Hepatic Blood Flozu in Man. J. D. 
Myers, Atlanta, Ga. (Introduced by W. M. Nicholson). 

Measurement of the hepatic blood flow in normal males 
has been undertaken utilizing a method based on “the 
Pick principle” with urea as the test substance. The urea 
concentration has been determined in (1) femoral arte- 
rial blood, which has been assumed to have the same urea 
concentration as hepatic arterial and portal venous blood, 
and (2) hepatic venous blood which has been obtained by 
direct catheterization of the right hepatic veins by the 
procedure of Warren and Brannon. The urea determina- 
tions have been done by a modification of the urease 
method of Van Slyke and Cullen with an accuracy of 
± 0.2 mg. of urea per 100 cc. of blood. Urine has been 
quantitatively collected and assayed for urea by the same 
procedure. 

In fasting, normal, young males, the arterial urea con- 
centration has generally been constant over the period of 
study, i.e. about two hours. Accordingly, the urinary ex- 
cretion of urea during this period is considered equal to 
the production of urea by the liver. The excretion of 
urea in the urine has varied between 12.1 and 16.4 mg. per 
minute, and the hepatic vein — femoral artery urea differ- 
ence has ranged from 0.5 to 1.2 mg. of urea per 100 cc. of 
whole blood. The calculated hepatic blood flows per 
minute. 

Ur inary excretion (hepatic production) of urea per minute 
Hepatic vein — Femoral artery urea difference 

range from 750 to 1,620 cc. per square meter of body sur- 
face. Concomitant determinations of cardiac output have 
shown these hepatic blood flows to represent 19 to 45 per 
cent of the entire cardiac output. 

Estimated splanchnic oxygen consumptions (femoral 
—hepatic vein oxygen difference X hepatic blood 
flow) vary between 27 and 77 cc. of oxygen per minute, 
which represents from 11 to 31 per cent of the total oxy- 
gen consumption at rest. 


Comparison is made of the data for liver blood flow 
by the urea method with data obtained simultaneously by 
the bromsulplithalcin method of Bradley ct al. 

The Improved Demonstration of Circulating Antibodies 
in Hemolytic Anemia by the Use of a Bovine Albumin 
Medium; Parallelism with Survival Time of Trans- 
fused Red Cells. Jacob Nerf.r, Boston, Mass. (Intro- 
duced by William Dameshek). 

Circulating antibodies were investigated in the sera of 
seventeen patients with various hemolytic syndromes by a 
modification of the tube agglutination technique in which 
20 per cent bovine albumin solution completely replaced 
normal saline as a diluting and suspending medium. 

In five cases of idiopathic acquired hemolytic anemia a 
circulating warm antibody was demonstrated with the al- 
bumin technique, although in four of these cases, anti- 
body could not be demonstrated in a saline medium. 
Three patients with congenital hemolytic anemia not 
in crisis showed no antibody, but in one of these patients 
during a hemolytic crisis a warm autohemolysin was dem- 
onstrated in bovine albumin only. 

Two patients with sickle cell anemia, two with severe 
Mediterranean anemia, one with acute hemolytic anemia 
caused by chemical exposure, one with paro.xysmal noc- 
turnal hemoglobinuria, two patients with hypersplenic 
hemolytic anemia, and one patient with the symptomatic 
hemolytic anemia of subacute lymphatic leukemia failed 
to show circulating antibodies. 

Parallel determinations of the survival time of trans- 
fused red cells by the Ashby technique showed a distinct 
correlation with the presence of antibodies. The survival 
time was greatly diminished when antibodies were dem- 
onstrable. Performance of both types of tests proved of 
distinct diagnostic and prognostic value. 

Studies on the Control of Hepatitis Virus in Blood and 
Blood Products. John R. Neefe, and (by invitation) 
Joseph Stokes, Jr., Sydney S. Gellis, and Mercer A. 
Blanchard, Philadelphia, Pa 

The transmission of hepatitis viruses by intentional or 
accidental parenteral introduction of blood or its products 
is a serious current problem and promises to be one of 
equal, or possibly greater, importance in the future. Its 
present magnitude is indicated by the fact that the chiefs 
of service in some leading hospitals will no longer permit 
the use of pooled plasma (including the large supplies 
of surplus Red Cross plasma) in their patients. The ob- 
vious need for the development of methods for inac- 
tivation and control of the hepatitis viruses in blood or 
its products has led to the preliminary studies summarized 
herein. 

1. In a cooperative study conducted in conjunction with 
the Harvard Plasma Fractionation Group, a serum hepa- 
titis virus in human serum albumin solution apparently 
was inactivated, without rendering the albumin solution 
unsatisfactory for human use, by heating the experimen- 
tally contaminated albumin solution for 10 hours at 60° C. 
after stabilizing it with acetyl tryptophane and sodium 
caprylate. As this method is compatible with large scale 
production, it appears that, until proved otherwise, human 
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albumin solutions so treated can be considered free of the 
risk of virus hepatitis and that this valuable blood product, 
at least, could be salvaged safely from the large stores of 
pooled plasma suspected or known to be contaminated 
with a hepatitis virus. 

2. The demonstrated protective effect of gamma globulin 
against infectious hepatitis has led to investigation of its 
protective effect against serum hepatitis. No protective 
effect was apparent when 10 ml. of gamma globulin and 
2 ml. of plasma {known to contain a serum hepatitis 
virus) were injected simultaneously at separate intra- 
muscular sites. No neutralizing or protective effect was 
apparent when 2 ml. of the plasma were mixed with 1 ml. 
of gamma globulin and allowed to stand for 4 hours at 
room temperature before intramuscular injection of the 
mixture into volunteers. The results of the clinical trials 
in army hospitals has'e suggested that quantity and/or 
time of injection may be important factors in the pro- 
tective effect of gamma globulin against serum hepatitis. 
As the same factors might account for the lack of ap- 
parent protective effect in the experimental study de- 
scribed, these factors have been taken into consideration 
in a subsequent study now nearing completion. Twenty- 
one volunteers have been injected with plasma known to 
contain a serum hepatitis virus. Thirteen to sixteen ml. 
of gamma globulin have been injected at monthly intervals 
into 7 of these men starting 1 month after the plasma 
injection. Another 7 men serve as controls for the 
first group injected with globulin and for a third group 
of 7 men each of whom was injected with a mixture of 
the plasma and gamma globulin (3 ml. plasma and 10 ml. 
of gamma globulin, mixed and stored for 3 hrs. at room 
temperature and for 24 hrs. at 4” C before injection). 
The results of this study will be presented and discussed 
together with the results of tlie studies outlined above. 

The Effect of Coronamide in Inhibiting Penicillin Ex- 
cretion. R. F. Parker and (by invitation) R, Au- 

BMCHT, Cleveland, Ohio. 

Penicillin injected intramuscularly or intravenously is 
rapidly e.xcreted in the urine, largely as the result of renal 
tubular actlvitj’. A number of attempts have been made to 
increase tlie concentration of penicillin in the blood, and 
to prolong the effect of a given dose by suppressing the 
tubular secretion of the drug. Coronamide (4 carbo.xy- 
phenyl-mctliane sulfonanilidc) has recently been proposed 
as a nontoxic compound which specifically suppresses 
tubular secretion of penicillin. The present study is an 
attempt to cwiluatc its efficicnev" in routine clinical use in 
patients having normal kidney function, and in those suf- 
fering from various forms of renal disease. 

A Coiisparison of the Pressor Acih-ity of Dcsoxycorli- 
costeronc Acetate in A'onr'.otcnsive and Hypertensive 
Subjects. George A. PErxp..\ and (by invitation) 
Dahi) \V. Brood, New York, N. Y. 

Previous studies demonstrated tliat deso.xycorticostcronc 
acetate (DC.A), administered to patients without hyper- 
tension or .adremil disease, may be associated with in- 
creases in Wood pressure. Significant changes were ap- 
p.irc.nl anly after several wceta o: drug injection. 


Observations were made on ten normotensive subjects 
and tivelve patients with uncomplicated hj-pertensive vas- 
cular disease maintained on a constant regimen and after 
a preliminary baseline period. The administration of 
D(3A for one week (5 mg. subcutaneously twice daily) 
failed to alter the blood pressure significantly of any of 
the normotensive group. In contrast, definite elevation 
of systolic and diastolic readings took place in one to four 
days in the hj-pertensive individuals, the mean systolic 
rise being 24 mm. of mercury at the end of six days, the 
mean diastolic rise being 15 mm. 

Alterations in ■uijjgbt, hematocrit, serum volume and 
electrolj-les, urine volume and chlorides were comparable 
in both groups. Ballistocardiographic tracings were un- 
changed in one hypertensive subject following a marked 
rise in blood pressure after DCA. 

Although prolonged administration of DCA may give 
rise to a gradual increase in blood pressure in normoten- 
si\'e subjects, an accelerated response to DCA may be 
found in hypertensive vascular disease. 

Measurement of Renal Blood Flow and Glomerular Fil- 
tration During Variations in Blood Pressure Related to 
Changes in Emotional State and Life Situation. John 
B. PfErFFER and Hereert S. RiPixy, New York, N. Y. 
(Introduced by Harold G. Wolff). 

Renal blood flow and glomerular filtration were ascer- 
tained by clearance measurements of para-aminohippuric 
acid and inulin respectively in ten human subjects with 
earb' hj-pertension. After a suitable control period in 
which subjects were reassured and made as comfortable 
as possible, topics of great significance in the life situa- 
tion were abruptly brought up for discussion. In each 
instance the subject responded to the interview vrith a 
significant elevation of systolic and diastolic pressure bat 
none gave evidence of fright or panic. Often their at- 
titude was one of apparent calm and restraint during the 
period of elevated blood pressure. Evidence of renal ar- 
terial constriction was adduced in all cases during or after 
the interview. In four of the subjects a decrease of 20 
percent or more in renal plasma flow occurred, one of 
these displaying also a significant decrease in glomerular 
filtration. In five of the subjects, despite deration in 
systemic arterial pressure, no significant change in renal 
blood flow was found. In two of these an elevation of 
glomerular filtration occurred. 

Subjects in whom lowering of blood pressure was in- 
duced by injection of fetracthylammonium chloride a 
significant increase in renal blood flow was noted. Sim- 
ilar lowering of blood pressure associated with increase 
in renal blood flow occurred when feelings of security 
were induced with the aid of sodium amytal. 

The Excrelior. and Rcabsorpsion of Bicarbonate by the 
Ronr.ol Human Kidney. Roceet F. Pjtts, Syrsaasc, 
N. Y. (Introduced by James A. Shannon). 

The renal excretion and rcabsorption of fc-carbonate was 
studied in th.rcc normal subjects over a ranee cf platma 
concentratiDn from IS to 39 m:’.;:n-.o'.s per liter, riauma 
bicarbonate was reduced by the ingerlion of anuno-nium 
chloride, raised by il'e intravenous L-.fusion cf todiana li- 
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carbonate. Blood was drawn from a cutaneous vein after 
heating the arm in water at 47° C. ; both blood and urine 
were collected with precautions to prevent loss of carbon 
dioxide. The thiosulfate clearance was used as a measure 
of glomerular filtration rate. Carbon dioxide and pH 
measurements on plasma and urine permitted the calcu- 
lation of bicarbonate contents and carbon dioxide partial 
pressures. 

At plasma concentrations below 25 millimols per liter, 
the tubular reabsorption of bicarbonate was essentially 
complete. At plasma concentrations above 25 millimols 
per liter, the rate of excretion of bicarbonate progres- 
sively increased. There appears to be a limitation of the 
capacity of the tubules to reabsorb bicarbonate, the maxi- 
mum quantity reabsorbed in the several subjects varying 
between 2.6 and 3.0 millimols per 100 cc. of glomerular 
filtrate. 

The acidity of the urine varied between pH 4.48 and 
pH 7.80; the partial pressure of carbon dioxide in the 
urine varied from about 30 to nearly 200 mm. Hg. The 
more alkaline the urine, the higher was the partial pres- 
sure of carbon dioxide. 

Hypoelecfrolytemia in Peritonitis. S. Rapoport and (by 
invitation) I. A. Syllm, N. Nelson, W. A. Brodsky 
and K. Dodd, Cincinnati, Ohio. 

A decrease in the concentration of chloride and fre- 
quently of sodium has been described in tuberculosis, con- 
gestive heart failure, and in febrile diseases such as lobar 
pneumonia and typhoid fever. 

In the present study, a lowering of the serum chloride 
and sodium, often accompanied by elevation of CO„ con- 
tent and pH, has been observed in children with periton- 
itis following rupture of the appendix. In some critically 
ill patients hypocalcemia was found. Clinically hyper- 
pnea, a mild degree of edema, and decreased awareness 
of the surroundings were noted at the time of the ap- 
pearance of the plasma changes. The disturbance of the 
electrolytes occurred within one or two days after the 
onset of the peritonitis and was self-limited in cases with 
a favorable outcome. 

On an intake of 50 — ^250 millimols of sodium chloride 
daily the urinary concentration of chloride and sodium 
was 20 — 60 millimols per liter; the hypoelectrolytemia 
persisted and retention of the sodium and chloride 
occurred. 

The Pathogenesis of Hypercalcemia in Multiple Myeloma. 
Arnold J. Rawson, Philadelphia, Pa. (Introduced by 
F. William Sunderman). 

The calcium partition was studied in sera obtained from 
normal individuals and from patients with multiple mye- 
loma. In normal sera the average value of calcium bound 
to albumin was found to be 0.95 (s.e. = 0.045) mg. of 
calcium per gm. of albumin, and that of calcium bound 
to globulin, 0.74 (s.e. = 0.033) ml. of calcium per gm. of 
globulin. In the sera of patients suffering from multiple 
myeloma the calcium binding property of albumin was in- 
creased to as much as six times the normal; the concen- 
tration of diffusible calcium and the calcium binding prop- 
erty of globulin in these sera remained within the normal 


range of values. Our studies indicate that when hyper- 
calcemia is observed in patients with multiple myeloma, 
the increase is due to the calcium bound to protein. This 
increase in bound calcium is dependent upon two factors : 
(a) the increased calcium binding power of the serum al- 
bumin, and (b) the increased concentration of globulin, 
with approximately normal calcium binding property. 

Renal Tubular Back-Diffusion Follozving Anuria. Jules 
Redish, Joseph R. West and Betty W. Whitehead 
( by invitation) and Herdert Chasis, New York, N. Y. 

A negative value for Tnip„j, was observed two and tliree 
and one half weeks following anuria in a patient with 
sulfathiazole intoxication. This negative Tm indicates not 
only that the tubular cells had lost their ability to ex- 
crete PAH, but that a portion of the PAH filtered by the 
glomeruli was escaping from the tubular urine by back- 
diffusion. 

Obsen'ations extending from two to ninety-two weeks 
from the onset of anuria showed a pattern of glomerular 
and tubular recovery. Glomerular filtration was mark- 
edly reduced for three weeks following the onset of 
anuria and then returned abruptly to the normal range. 
Tubular excretory capacity was impaired for some weeks 
thereafter. 

The data show the limitations of clearance measure- 
ments of filtration rate, renal blood flow and maximal 
tubular excretory capacity in the diseased kidney; and 
they suggest that a common mechanism, renal vasocon- 
striction with ischemia, may operate to produce glomeru- 
lar and tubular changes during and after a period of 
anuria, whether the anuria is associated with diffuse 
glomerulonephritis, post-transfusion reaction, sulfathia- 
zole intoxication, crush syndrome, shock or ureteral 
trauma. 

Clinical and Experimental Observations on the Lability 
and Range of Blood Pressure in Essential Hyper- 
tension, with Special Reference to Physiologic Mechan- 
isms and Significance of Various Pressor and Depressor 
Tests. Morton F. Reiser (by invitation) and Eugene 
B. Ferris, Cincinnati, Ohio. 

Important in selecting the type of therapy for the pa- 
tient with essential hypertension is a careful evaluation of 
the “neurogenic factor.” As part of a comprehensive 
clinical, physiologic, and psychiatric study of essential 
hypertension, data pertinent to this problem has emerged. 
Comparative results in 107 pressor and depressor tests (1) 
performed on twenty-three patients indicate that extreme 
caution must attend their interpretation in the individual 
case. 

Variations of blood pressure in response to emotional 
or environmental stimuli may equal or exceed those elic- 
ited by the usual pressor and depressor tests. The pa- 
tient’s response to different tests, or the same test re- 
peated, may vary considerably, and there may be signifi- 
cant response to only a few of many procedures. There 
is no constant correlation between degree of reactivity 
to pressor tests and clinical lability. 

In four patients with malignant hypertension, reductions ■ 
in pressure to or very near normal occurred, three in re- 
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sponse to sympathetic block, one spontaneously. This 
together with other data (2) to be presented sugg^ts 
that neurogenic factors play a significant contributing 
role even in this stage. 

Preliminary studies utilizing the differential effects on 
blood pressure and cold pressor test of procedures which 
block neurogenic responses in different portions of the 
arteriolar bed have been helpful in leading toward a better 
understanding of the basic physiologic mechanisms in- 
volved and in explaining some of the apparent incon- 
gruities (3) of results which make selection of patients 
for sympathectomy so difficult 

(1) Test procedures used singly or in various combina- 
tions include: cold pressor; breath holding; postural 
changes; provocative intervien-ing ; ammonia inhalation; 
hyperventilation plus carotid sinus massage; environmen- 
ts manipulation ; caudal, spinal, pentothal and gas-oxygen- 
ether anesthesia; and parenteral administration of the 
tetraethylammonium ion. 

(2) In four instances we have observed the development 
of malignant hypertension and hypertensive encephalo- 
pathy in direct response to known environmental situa- 
tions which, when appraised in the light of the psychiatric 
history, had specific psychological meaning for the pa- 
tients. 

(3) E.G., in some patients who exhibit spontaneous 
downward variations in blood pressure to normal levels, 
spinal or caudal anesthesia may fail to produce such a 
satisfactory fall in pressure. When, in this circumstance, 
the tetraethylammonium ion, which effects a total autono- 
mic block, is able to reproduce the fall to normal it seems 
probable that extra splanchnic arteriolar resistance may 
be playing an important role. 

A Specific Cutaneous Test for the Immune Response to 
Herpetic Infection. Harry M. Rose and (by invita- 
tion) Eeeaxor.\ Moeloy, New York, N. Y. 

Chick embryos inoculated by the yolk sac route with 
the virus of herpes simplex develop a high titer of virus 
in the chorioallantoic fluid. Antigens for cutaneous test- 
ing were prepared from this infected, undiluted fluid by 
inactivating the virus at 56° C. Such antigens contain 
little egg protein and provoke a minimal number of non- 
specific dermal reactions. 

Cutaneous tests were performed on 44 patients nith 
herpes antigens and with control antigens prepared from 
normal chorioallantoic fluid. The blood of each patient 
was examined for neutralizing antibody to herpes virus 
by tlic method of chorioallantoic membrane inoculation 
m'th scrum-virus mixtures. 

Twenty-nine patients whose sera contained antibody 
gave positive cutaneous tests with herpes antigen and neg- 
ative tests with control antigen. Thirteen patients, mostly 
children, whose sera were devoid of antibody gave 
negative cutaneous tests witli both antigens. In one pa- 
tient the cutaneous tests were negative although the 
scrum contained antibody. In anotlicr patient the tests 
could not be interpreted because of marked scnshisdty to 
egg protein. 

Tliere appears to be a high degree of correlation be- 
tween positive cutaneous reactions to herpes antigens. 


as herein described, and the presence of circulating anti- 
body to herpes virus. 

Recognition of Metastatic Neoplasm in Bone Marrou\ 

R, W. Rua'pi.es, Durham, N. C. (Introduced by D. T. 

Smith), 

Invasion of the bone marrow by neoplasm may produce 
refractory anemias, sometimes with immature granulo- 
cytes or nucleated red blood cells in the circulating blood, 
hemolytic anemias, thrombopenic purpura, as well as dif- 
fuse bone pain, destructive skeletal lesions, etc. Diag- 
nosis may be extremely difiBcult when the primary tumor 
escapes recognition or if involved tissue is not accessible 
for biopsy. 

The possibility of recognizing tumor implants in bone 
marrow was studied in 40 patients having malignancies 
with local spread or distant metastases. Marrow uas 
obtained from the ribs or sternum by combined aspiration 
and needle trephine preferably in areas of increased bone 
tenderness. Spread films were stained by Wright’s stain 
A positive diagnosis of metastatic neoplasm was made in 
14 cases. The malignant cells occurred singly, in sheets, 
and in dumps among other bone marrow elements. The 
presence of neoplasm in the marrow was confirmed by 
sections of tissue obtained by trephine, biopsy and 
necropsy. 

■Neoplastic implants in the bone marrow were found in 
patients before definite roentgen, peripheral blood, or 
blood chemical abnormalities appeared. Serial biopsies 
were readily obtained and were used to follow the re- 
sponse of prostatic metastases to orchidectomy and estro- 
genic therapy, the response of breast cancer to androgenic 
hormones, and other malignancies treated with nitrogen 
mustard compounds or radiation therapy. 

Pitressin Test of Coronary Insufficiency. Arthur Rus- 

KiN, Galveston, Texas (Introduced by George M. 

Decherd). 

Pitressin, a wdl-known experimental coronary vaso- 
constrictor, was used in human subjects both intramus- 
cularly (2 cc. or 40 pressor units) and intravenously 
(0.75 cc. in subjects of average weight) for the electro- 
cardiographic demonstration of coronary insufnriencj". 
The not infrequent untoward symptoms — nausea, vomit- 
ing, abdominal discomfort — ^wcrc easily controlled. In 
normal individuals EKG changes were limited to brady- 
cardia, ectopic beats and slight S-T segment depressions. 

In cases of definite dinical angina pectoris positive 
tests were found in 8 of 12 cases. The number of posi- 
tive Lfastcr two-step tests in these 12 patients vms 7. 
Our electrocardiographic criteria of coronary insuf- 
ficiency were fairly rigid; S-T depressions totalling 3 
mm. or more in the 4 commonly used leads, or T.-, Ti. 
or T» changes from positive to fiat, diplmsic or nerativc 
T waves. .-Ml 10 cases of suspected p'eudo-angina. v.'iti! 
indefinite clinical features, had negative pitressin and 
Master tests. Patients v.itli abnormal EKG’s prior to 
the test were found to be subject to tf-.e same criteria 
in both groups as v.crc tl'.O'e svith r.orrta; centre; trac- 
ings. 
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In view of the close parallelism between the effects 
of exercise and pitressin in individuals with and without 
clinical angina pectoris, pitressin may be used by cardiol- 
ogists to confirm the clinical suspicion of coronary pain. 
The above results form a further link in the evidence 
for both coronary spasm and relative myocardial is- 
chemia as theoretical bases for clinical anginal pain. 

Microchemical Studies of Human Urinary Estrogens. 
W. T. Salter and (by invitation) M. Jane Oester- 
LiNG, New Haven, Conn. 

Studies of estrogen excretion in various types of pa- 
tient and normal controls have been conducted on 6-hour 
to 12-hour samples of urine. The normal adult human 
male excretes only about 10 micrograms of estrogenic 
substances daily. Near menstruation, some women ap- 
proach closely the male value. In the intermenstruum, 
however, female values rise steadily toward the time of 
ovulation. At this crisis, the peak of excretion tem- 
porarily may reach 90 micrograms. In certain sterile 
women, the male level may prevail continuously. In 
other sterile women, the estrogen level may be normal, 
but overshadowed by high “androgens.” Therefore it is 
useful to know the ratio of antithetical steroids (estro- 
gens vs. 17-ketosteroids) in the identical 6-hour sample 
of urine, as well as the absolute levels of either. The 
“antithetical ratio” of normal males is usually less than 
1.0. In normal females, it is usually above 2.0 and at 
ovulation may reach 9. In female adrenal virilism and 
in Cushing’s syndrome the ratio is usually in the male 
range. In female pseudohermaphroditism, however, the 
high "androgen” excretion may be balanced by a high 
estrogen value. In prostatic disease, high ratios are 
found. Thus studies of steroid balance may be useful in 
precise diagnosis. 

Nitrogen Metabolism and Nutritional Studies in Chroni- 
cally III (Metabolically “Debilitated”') , Undernourished 
Patients. Victor Schenker and L. G. Johnson (by 
invitation), and J. S. L. Browne, Montreal, Canada. 

The nitrogen metabolism, nutrition, and clinical course 
have been followed in a series of hospital patients with 
various chronic diseases (pulmonary tuberculosis, rheu- 
matoid arthritis, bronchiectasis, peptic ulcer), and with 
varying degrees of weight loss. Representative experi- 
mental results are presented. 

All subjects were placed on controlled dietary regimes 
over certain periods of time. Experimental diets varied 
as to total content of protein and calories (Prot. 100-200 
gm./ day; Cals. 2,500-3,500/ day). 

On these food intakes all subjects gained weight; the 
majority showed general improvement clinically with 
increased strength and feeling of well-being. 

All showed abnormally low rate of urinary nitrogen 
excretion (with a consequent high nitrogen retention— 
unattributable to raised blood N.P.N.), which has been 
shown to characterize tlie metabolically “debilitated” 
individual. In many instances, however, nitrogen reten- 
tion ' continued at the same rate even after considerable 
amounts had been stored over prolonged periods of time, 
and increase in body weight ceased. Further, in a num- 


ber of cases, the total nitrogen retained, calculated as 
“tissue-protein,” was found to be greatly in excess of the 
actual total gain in weigljt. Factors which may be re- 
sponsible for tiiese anomalies arc discussed. 

Radioiodinc E.vcrction in the Gastric Juice and Saliva of 

Man. Leon Schiff and (by invitation) Charles D. 

Stevens, Harold H. Steinrerc, Cari- W. Kumpe and 

Paul Stewart, Cincinnati, Ohio. 

The excretion of radioiodinc in the gastric juice and in 
the saliva of 35 individuals was followed at ten-minute 
intervals for two hours after the intravenous administra- 
tion of 0.01 mM (1.5 mg.) of Nal and 4 microcuries of 
radioiodinc per kgm. of body weight. Plasma levels of 
0.04 to O.OS mM of iodine per liter 15 minutes after the 
injection declined to 0.01 to 0.02 tiiM by IJ^ hours after 
injection. 

The concentration of radioiodinc in gastric juice fol- 
lowing the injection usually rose to 20 to 40 times the 
plasma concentration. The concentration in the saliva 
also rose to similar levels, frequently exceeding the con- 
centration in the gastric juice. 

The concentration of radioiodine in both the gastric 
juice and the saliva showed great variability from in- 
dividual to individual, as well as upon repeated tests on 
a single individual. The variability in radioiodine ex- 
cretion in the gastric juice was not related to the pH 
of the juice, nor to its volume, nor to the amount of 
visible mucus in it. 

No definite relation has been observed between any 
gastric disorders and the excretion of radioiodine in the 
gastric juice. 

The Metabolism of Americium {Element 95) in the Rat.* 

K. Scott, D. Axelrod, and H-. Copp (by invitation), 

and J. G. Hamilton, Berkeley, Calif. 

Solutions of Am(N 03)3 were administered to 200-gram 
rats by intramuscular injection and by stomach tube. The 
stomach tube series were sacrificed at 4 days, and the ani- 
mals which received the americium by intramuscular 
injection were sacrificed at 1, 4, 16, 64, and 256 days. 
The absorption from the digestive tract was too small to 
be detected, indicating that less than 0.01 per cent of the 
administered dose was absorbed. The americium that 
was absorbed following intramuscular injection was ac- 
cumulated primarily in the liver and skeleton. The ini- 
tial accumulation in the liver represented nearly 65 per 
cent of the total amount absorbed from the site of intra- 
muscular injection. The corresponding value of ameri- 
cium deposition in the skeleton was approximately 25 
per cent. Within 16 days over two-thirds of the ameri- 
cium had left the liver and by 64 days less than 5 per 
cent remained in that organ. The content of americium 
in the skeleton remained constant up to and including 
the 256, day interval; evidently it becomes extremely 
firmly fixed in bone. Excretion was chiefly by way of 
the digestive tract and was roughly equivalent to the 
rate and degree of loss from the liver. Radio-auto- 

*This work was performed under Contract W-No. 
7405-eng-48-A for The Manhattan Project. 
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pamaquine levels, 77 
penidllin levels after caron,tniidc, 
1174 

pH changes during storage, 59 ! , 64 1 


potassium levels, after burning, 497 
after storage, 591, 641 
in drculatory failure, 505 
protease balance with inhibitor, 1177 
Protein, after glucose hypodermo- 
clysis, 887 

concentration in experimental ma- 
laria, 1049 
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1109 
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1193 
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in multiple myeloma, 1194 
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in hypertension, 1109 
levels in diseases, 983 
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creatinine, determination, 879 
normal levels, 875 
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983 

enzymes, alkaline phosphatase, 
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Globlxins, in acute infectious hep- 
atitis, 1060 
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potassium, clearance in renal in- 
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in hypertension, 1109 
Protein, A/G ratio, in tuberculosis, 
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in typhus fever, 298 
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Electrophoretic patterns, 820 
acute rheumatoid arthritis, 87 
ante- and post-mortem, 820 
in typhus fever, 298 
liver disease, 1060 
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in hypertension, 1109 
levels in Rocky Mountain spotted 
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postoperative concentration, 18 
sodium, in hypertension, 1109 
levels in health and disease, 983 
urea, normal concentration, 869 
nitrogen, 1109 

volume, in hypertension, 1109 
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sorptive, 11 
postabsorptive, 11 
glucose changes during storage, 591, 
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levels in diabetic acidosis, 217' 
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levels in shock, 536 
normal levels, 536 
Body weight, in convalescence, 320 
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marrow, diagnosis of metastatic 
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Bronchiectasis, nitrogen metabolism, 
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in multiple myeloma, 1194 
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after androgens, 24 
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Capillary permeability, and venous 
oxygen saturation, 1119 
relation to acute anoxia, 1119 
Carbohydrate metabolism, adenosine 
triphosphate and cytochrome C, 
899 

age and adenosine triphosphate 
levels, 1177 

effect of epinephrine on, 536 
glucose Tm in diabetes, 1180 
glucose tolerance in shock, 536 
in coincident Addison’s disease and 
diabetes mellitus, 1198 
in hemorrhagic shock, 536 
lactic acid tolerance, in acidosis, 536 
in shock, 536 

pyruvic acid tolerance, in dogs, 536 
in shock, 536 

Carcinoma, serum polysaccharides, 90 
serum proteins, 90 
stomach, composition gastric juice, 
784 

prostate, castration, 1178 
estrogen effects, 1178 
thyroid, radioactive iodine, 1200 
radioactive iodine excretion, 1138 
Cardiac output, comparative methods 
of determination, 1 
effect of anxiety on, 1185 
following tetraethyl ammonium, 
JJ86 

hemodynamic alterations, 1199 
in left ventricular failure, 1185 
measurement by ballistocardio- 
graph, 1 

Caronamide, effect on penicillin plasma 
levels, 1174 

Casein hydrolysate, effect on serum 
protein levels, 883 
utilization, 849 

Castration, blood picture following, 
1178 

Cerebro-spinal fluid, amino acid con- 
tent, 853 

uric acid content, 991 
Cholecystitis, gastric juice composi- 
tion, 784 

Choledochostomy, bile acid excretion, 
802 

desiccated bile administration, 802 
Cholelithiasis, gastric juice composi- 
tion, 784 

Chloride space, changes in disease, 
1088 

Chloroquine, excretion levels, 1168 
Chromogenic substances in uric acid 
determination, 995 

Chronic disease, differential diagnosis, 
90 

Chronic hepatitis, blood tests, 329 
kidney tests, 329 

relation of virus to symptoms, 329 
Chronic infection, anemia in, 114 
plasma iron levels, 114 
Cirrhosis, Laennec’s, ascites produc- 
tion, 1189 


liver, extravnscular fluid, 1173 
mannitol space, 1088 
Rh factor in, 1188 

Cold, effect on tissue fluid formation, 
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Cold injury', effect of immediate rapid 
warming, 476 
studies in rabbits, 229 
See also Frostbite 
Colds, classification, 957 
comparative incubation periods, 957 
Colloidal gold sols, effect of blood 
fractions on, 1026 
Coma, cause in liv'er disease, 1191 
Complement fixation, mumps virus, 
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scleroma, 281 

Compound A, and carbohydrate me- 
tabolism, 1198 
in Addison's disease, 1198 
in diabetes mellitus, 1198 
Compound E, and carbohydrate me- 
tabolism, 1198 

in coincident Addison’s disease and 
diabetes mellitus, 1198 
Congenital, heart disease, blood vol- 
ume studies, 860 
phj'siological studies, 1174 
Congenital hemolyrtic jaundice, mech- 
anism of blood destruction, 1180 
Convalescence, circulatory dynamics 
in, 320 

Convulsions, electrical induction and 
complications, 1173 
Cornea, light transmission after exci- 
sion, 416 

Coronary vessels, circulation, 1179 
pitressin test, 1195 

Cortin, effects in adrenal insufficiency, 
359 

Creatinine, effect on pain of muscle 
ischemia, 277 

excretion after glycine, SIS 
levels in renal insufficiency, 773 
normal serum levels, 875 
serum level determination, 879 
Cushing’s syndrome, steroid hormone 
effects, 24 

Cytochrome C, effect on oxy'gen con- 
sumption, 1046 

effect on tissue metabolism, 899 

Debilitation, nitrogen metabolism in, 
1196 

Desoxycorticosterone acetate, blood 
pressure effects, 1 193 
effect in hypertension, 1109 
Diabetes mellitus, bicarbonate levels, 
983 

compound A therapy in Addison’s 
disease, 1198 

compound E therapy in Addison’s 
disease, 1198 
glucose Tm in, 1180 
hemoconcentration in acidosis, 217 
insulin resistance, 57 
serum chloride levels, 983 
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serum electrolytes in acidosis, 217 
serum sodium, 983 

Diabetic acidosis, cerebral blood flow, 
1186 

hemoconcentration, 217 
Diaphragm, sustained contraction, 
1201 

Dietbylstilbestrol, effect in osteoporo- 
sis, 24 

Digitalis glycoside, relation to cal- 
cium, 1182 

Ductus arteriosus, patent, blood vol- 
ume, 860 
diagnosis, 561 
hemodynamics, 561 
oxygen saturation, of blood, 561 
venous catheterization, 547, 561 
Duodenal ulcer, gastric juice, after 
vagotomy, 784 
gastric juice, pH, 761 
gastric motility after vagotomy, 784 
Dyspnea, studies in, 520 
sustained diaphragmatic contrac- 
tion, 1201 

Edema, by injection of toxic filtrate, 
394 

cardiac, relation to output, 1190 
fluid, fluorescein exchange, 268 
nephrotic, mechanism, 1189 
Effort syndrome, and blood lactate, 
339 

respiration studies, 520 
Eisenmenger's complex, blood vol- 
ume, 860 

physiological studies, 1174 
Elecfrocarcflogram, changes in infarc- 
tion, 1191 

in renal insufficiency, 773 
ventricular gradient in fever, 1 182 
Electrolyte metabolism, in adrenal in- 
sufficiency, 359 
in hypertension, 1197 
in peritonitis, 1 194 
in young infants, 1181 
See also Blood; Calcium: Iron; 
Iodine; Phosphorus; Potassium; 
Sodium: Blood Serum and Blood 
Plasma 

Electrophoresis, ante- and postmor- 
tem scrum, 820 

scrum analysis in normal young 
adults, 820 

scrum protein, in rheumatoid ar- 
thritis, 87 

in typhus fever, 298 
tissue proteins in shock, 11 SI 
See also Protein 

Encephalorayocarditis virus, and 3- 
day fever, I J97 

Endotoiiii, penidllm protection, IIS4 
Enzymes, kinetics in gastric juice, 761 
Sec also Hyalurinidase, Protease, 
Pepsin and Lccithinasc 
Epidemiology, sulfadiazine-resistant 
streptococcal infections, 325 


Epinepbrine, effect on carbohydrate 
metabolism, 536 

Erythema, palmar, in pregnancy, 1173 
Erythrocytes, antimony content after 
medication, 370 

defects in sieWe cell anemia, 1186 
fragility, and pH changes, 636 
and temperature, 636 
in congenital hemolytic jaundice, 
1180 

mass in experimental malaria, 1049 
mass in monkeys, 1049 
methemoglobin reconversion in, 
1181 ' 

protoporphyria in anemia of infec- 
tion, 114 

sedimentation rate, in chronic dis- 
eases, 90 

in chronic hepatitis, 329 
storage, dimensional changes dur- 
ing, 591, 641 

osmotic hemolysis during, 591, 
641 

packed, 629, 715 
survival, 655 

stored, inorganic phosphorus con- 
tent, 591 

lactic add changes, 591, 641 
potassium content, 591, 641 
resuspended, 629, 672, 687, 715 
sodium content, 591 
Estrogens, effect on, caldum balance 
in osteoporosis, 24 
phosphorus balance in osteoporo- 
sis, 24 

serum phosphorus, 24 
urinary' ketosteroids, 24 
urinary nitrogen, 24 
excretion studies, 1 196 
urinary assay, ultraviolet absorp- 
tion, 1182 

Eutbyroidism, excretion of radio- 
iodine, 1138 

Exophthalnuc goiter, radio-iodine ex- 
cretion, 1138 

Extracellular fluid, determination, 
1088 

volume, 1088 

in experimental malaria, 1049 
in monkeys, 1049 
Extra-pulmonic oxygenation, 837 


Fever, electrocardiographic changes 
in, 1182 

Fibrin, film, absorption, 929 
try'ptic digestion, 929 
foam, absorption, 929 
hydrolysates, utilization, 849 
fibrinogen, plastic absorption, 929 

Fistula, arteriovenous, hemodynamic 
alterations, 1199 

Flocculation tests, Trichir.ella spirciis, 
73 

Folic acid, in pemidous anemia, 11S4 

Force feeding, effect on nitrogen lul- 
ance, <96 


Forearm, volume and temperature 
studies, 1031 

Fort Bragg fever, isolation of virus, 
287 

Fragility, fresh and stored blood cells, 
591, 636, 641 

Frostbite, capillary drculation follow- 
ing, 468 

control of edema, 486 
development of gangrene, 245 
effect of immediate rapid warming, 
476 

experimental studies, 229 
fluorescein study of blood flow, 268 
prevention of edema, 486 
source of edema, 245 
See Cold Injury 

Fuadin, therapy in Schistosomiasis 
japonica, 370 

Galactose absorption, from small in- 
testine, 11 

See also Blood Sugar 

Gangrene, Cl. oedemaliens (Novy'i) 
toxin, effects on drculation, 404 
Cl. tvelchii toxin effects on circula- 
tion, 394 

experimental production in rabbits, 
229, 236, 245, 259 
prevention following cold injury', 
476 

Gastric juice, composition, after va- 
gotomy and insulin administra- 
tion, 784 

in cardnoma of stomach, 784 
in cholelithiasis, 784 
in chronic cholecystitis, 784 
in various dinical diagnoses, 784 
pH variations in human subjects, 
761 

radioactive iodine excretion levels, 
1196 

Gastric motility, and duodena! ulcer, 
784 

Gastric retention, drug therapv for, 
1189 

Geriatrics, basal metabolic studies, 
H77 

Glycine, eflect on, blood uricadd, 815 
uric add excretion, SIS 

Gouty tophus, dietary' restrictions, 995 

Hay fever, comparative action of 
acetyl-bcta-methyl choline and 
histamine, 430 

Heart, atrium, conduction rate, 1186 
conduction rate, 1186 
failure, in adrenal in'ufnricnt:)-, 359 
function tests, arterial cathtteriza- 
tion. left bean, d'og'-, llS-1 
atria! catheterization. 1, 54“ 
infarct, ck-ctrocardicvram ch.angr, 
1191 

oxygen tr-cta!>oV;<m, 1179 
rate, responte to pre-r-jn: breath in g. 
4<W 
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septal defects, blood volume studies, 
860 

venous catheterization, 561 
Heart disease, congenital, diagnosis, 
catheterization, 547 
congestive failure, effect of ouabain 
on, 1174 

experimental production, 1197 
radioactive sodium metabolism, 
1176 

renal plasma flow, 1190 
hypertensive mannitol space, 1088 
Roger’s disease, 561 
See also Eisenmenger’s Complex 
Heat metabolism, work at ambient 
temperatures, 311 

Hematocrit, after glucose hypodermo- 
clysis, 887 

after thermal injury, 827 
in acute infectious hepatitis, 343 
in adrenalin hypertension, 1119 
in chronic infection, 114 
in congenital heart disease, 860 
in experimental malaria, 1049 
in frostbitten animals, 245 
in large and small vessels, 126 
in monkeys, 1049 

Hemoconcentration, following thermal 
injury, 827 

Hemodynamics, in congestive heart 
failure, 1174 

See also Blood, circulation 
Hemoglobin, after glucose hypoder- 
moclysis, 887 

in congenital heart disease, 860 
in renal insufficiency, 773 
utilization rate of radioactive iron, 
739 

Hemopoiesis, following roentgen irra- 
diation, 1187 

in animals with inflammation, 121 
. in pyroxidine-deficient pigs, 103 
isotope technique, 1188 
Herpes simplex, skin tests, 1195 
Hyaluronidase, from Cl. ■welchii, 394 
Hydrochloric acid, role in peptic ulcer, 
761 

Hydrolysates, utilization and excre- 
tion, 849 

Hypertension, See Blood Pressure 
Hyperthyroidism, thiourea and iodine 
in, 446 

thyrotropin blood level, 1197 
Hypoproteinemia, extravascular fluid 
formation, 1173 

Hypothyroidism, radioactive iodine 
excretion, 1138 

Immunologic phenomena, neutraliza- 
tion tests in Fort Bragg fever, 287 
comparison of F t. Bragg fever, sand- 
fly and dengue fever, 287 
Influenza, A, antibodies, 420 
B, antibodies, 420 
serologic studies over 9 months, 
420 

swine, antibodies, 420 


virus, intranasa! administration, 
1079 

relation to experimental pneu- 
monia, 1183 

subcutaneous administration, 
1079 

Insulin, antagonist in blood, 57 
effect on glucose Tn, in diabete 
1180 

Iodine, absorption and excretion, nor- 
mal, 301 

effect on blood level of thyrotropin, 
1197 

serum levels, after iodine therapv, 
446 

after thiorea, 446 

Jejunal ulcers, gastric juice composi- 
tion, 784 
vagotomy, 784 

17-ketosteroids, effect of estrogens on, 
24 

urinary excretion in osteoporosis, 24 

Biidney, excretion of antimalarial 
drugs, 1168 

failure, perfusion of peritoneum, 
1200 

function, and increased abdominal 
pressure, 1010 

comparison of sulfathiozole and 
inulin clearance tests, 1177 
in adrenal insufficiency, 1199 
in anuria, 1194 
in cardiac edema, 1190 
in panhypopituitarism, 1199 
in pressure breathing, 945 
in sulfathiazole intoxication, 1043 
inulin clearance, sulfathiazole sub- 
stitution, 1177 
studies, 1193 

insufficiency, potassium tolerance, 
773 

ischemia, experimental effects, 1072 
structure after ischemia, 1072 
Biidney disease, serum chloride levels, 
983 

serum sodium levels, 983 
See also Nephritis 

Lactalbumin hydrolysates, effect on 
serum protein levels, 883 
Lactic acid, See’ Blood and Carbohy- 
drate Metabolism 

Laennec’s cirrhosis, ascites produc- 
tion, 1189 

Lecithinase, alpha toxin of Cl. welchii, 
394 

Leukocytes, in experimental hyper- 
tonia, 1098 

leukopenia in Ft. Bragg fever, 287 
zinc content, 1199 
Lipemia, in hepatic disease, 1060 
Liver, circulation, effect of posture on, 
1178 

effect of pyTogenic reaction, 1175 
in fasting convalescents, 1130 


in pregnancy, 952 
measurement, 1192 
oxygen consumption, 1130 
See also Blood, circulation 
disease, mechanism of coma, 1191 
See Acute Infectious Hepatitis, 
Cirrhosis and Chronic Hepa- 
titis 

function, impairment in syphilis, 
1055 

virus, blood control, 1192 

Lymph circulation in frostbite, 468 

Malaria, blood changes in, 1049 
experimental, in monkeys, 1049 
occurrence of jaundice, 1055 
pamaquine naphthoatc as prophy- 
laxis, 77 

Malnutrition, calcium metabolism in, 
182 

serum proteins in, 883 

Mannitol space, in hyp>ertensive heart 
disease, 1088 
in liver disease, 1088 

Mecholyl chloride, effect in asth- 
matics, 430 

Meningitis, tuberculous, streptomycin 
tlierapy, 1176 

Mercury poisoning, serum electrolyte 
levels, 983 

Methionine, and nitrogen balance 
after bums, 796 

Methods, assay of active pepsin, 761 
bromsulfalein and hepatic blood 
flow, evaluation, 1130 
catheterization of hepatic veins, 
1130 

construction of ballistic bed, 1 
diagnosis, by serum protein levels, 
90 

of bone marrow metastases, 1195 
fluorescein and local blood flow, 
259, 268 

fragility determination, erythro- 
cytes, 636 

hemoglobin determination in plas- 
ma, 685 

hepatic blood flow determination, 
952 

insulin antagonist determination, 57 
mannitol, for extracellular fluid vol- 
ume, 1088 

measurement of interstitial fluid, 
359 

modification for antimony, 370 
pain intensity scales, 1152 
perfusion of peritoneum, 1200 
prediction formula for semm so- 
dium, 983 

serum creatinine determination, 879 
thymol turbidity test, modification, 
1060 

uric acid determination, 991 
urinary protein determination,' 892 
venous catheterization for diagno- 
sis, 547 
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Mitral valve, stenosis, and blood vol- 
ume, 860 

Multiple myeloma, hypercalcemia, 
1191 

Mumps, virus isolation, 1188 
Muscle ischemia, creatinine level in, 
277 

Myelomatosis, plasma and tissue glob- 
ulins, 1189 

Myxedema, radioactive iodine excre- 
tion, 1138 

Nephritis, urine volume flow and urea 
clearance, 1159 

Nephrosis, mechanism of edema, 1189 
Neurocirculatory asthenia, blood lac- 
tate levels, 339 
respiration, 520 
Niacin, metabolism, 1183 
Nitrogen metabolism, after androgens 
in bums, 796 

after androgens in osteoporosis, 24 
after bums, 796, 827 
after estrogen therapy in osteoporo- 
sis, 24 

after force feeding in bums, 796 
after methionine in burns, 796 
fecal excretion levels, 18 
in chronic disease, 1196 
in glomerulonephritis, 1175 
in osteoporosis, 24 
in postoperative conditions, 18 

Osteoporosis, in Cushing's s^mdrome, 
24 

metabolic effects of steroid hor- 
mones, 24 

semm albumin and matrix forma- 
tion, 1181 

Ouabain, in congestive heart failure, 
1174 

Oxygen, consumption, and hepatic 
blood flow, 1130 
at ambient temperatures, 311 
during work, 311 
See also Basal Metabolism 
intravenous administration 837 
metabolism, and cytochrome C, 899, 
1046 

in cerebral blood in acidosis, 1186 
in coronary blood flow, 1179 
poisoning, 936 

saturation and capillary permea- 
bility, 1119 

in right heart, 554, 561 
therapy, in phosgene poisoning, 936 

Pain, prccordial, sustained diaphrag- 
matic contraction, J201 
scale of intensity, 1 152 
Palmar erythema, in presnanej-, 1173 
Pamaquine naphthoate, prophylaxis 
for malaria, 77 

Panhypopituitarism, kidnev function, 

liuo 


Para-amino-heuzoic acid, therapy in 
Rocky Mountain spotted fever, 
1183 

Penicillin, action on bacterial endo- 
toxins, 1184 
blood levels, 1198 
excretion after caronamide, 1193 
in experimental syphilis, 1181 
modes of administration, 903 
plasma levels after caronamide, 

1174 

resistance, staphylococcus, 379 
dihydro F, antibacterial activity, 
1198 

F, renal clearance, 903 

G, antibacterial activity, 1198 
excretion levels, 919 

renal clearance, 903 
K, antibacterial activity, 1198 
renal clearance, 903 
X, antibacterial activity, 1198 
renal clearance, 903 
Pepsin, activity assay, 761 
inhibitory substances, 761 
total activity inhuman subjects, 761 
Peptic ulcer, factors in production, 761 
nitrogen metabolism, 1196 
serum protein levels, 883 
vagotomy effects, 784 
See also Duodenal and Jejunal 
Ulcers 

Peptides, excretion, 849 
utilization, 849 

Peptidemia, clinical significance, 853 
Peripheral vascular disease, (Ray- 
naud's) vasodilator fibers in skin, 
453 

(Buerger’s) vasodilator fibers in 
skin, 453 

Peritoneal lavage, in acute uremia, 

1175 

Peritonitis, electrol>-te studies in, 1194 
experimental, proteolytic enzyme 
inhibitors, 1177 

Pernicious anemia, folic acid therapy 
1184 

Phosgene poisoning, chronic exposure, 
169 

oxygen therapy, 936 
pulmonary function, 145 
residual effects, 169 
Phosphatase, Sec Blood, enzymes 
Phosphorus metabolism, effect of age 
on in rat heart, 1177 
effect of androgens on, 24 
effect of estrogens on, 24 
in ostcoporosi-, 24 
Sec also Blood 

Pitressin, test for coronary inrafn- 
dcncy, 1195 

Pneumonia, experimental, second.irx- 
to influenza virus 11 S3 
Postmenopausal osteoporoj-s, steroid 
hormone effects, 24 
Potassium, tolerance in renal inmfh- 
cicr.cj’, 773 

See also Blood and Erj-throcites 


Precordial pain, sustained diaphrag- 
matic cQntraction, 1201 
Pregnancy, hepatic blood flow, 952 
vascular spiders and palmar ery- 
thema, 1173 

Pressor factor, dialysis, 1023 
Pressure breathing, heart rate, 460 
kidney function, 945 
PretibM fever. See Fort Bragg fever 
Progesterone, in osteoporosis, 24 
Prostatic disease, hormone excretion 
levels, 1196 

Protease and blood clotting, 364 
inhibitors in peritonitis, 1177 
Protein, blood content in chronic dis- 
ease, 90 

C-reactlve, in rheumatoid arthritis, 
87 

gamma-globulin, protection in serum 
hepatitis, 1192 

globulins, in myelomatosis, 1189 
hv’drolysate, in protein deficiencx’, 
883 

metabolism, excretion in hyperten- 
sion, 892 

ingestion and serum levels, 869 
normal excretion levels, 892 
plasma, postoperative requirements, 
18 

See Blood Serum and Blood Plasma 
Prothrombin, factors A and B, 1187 
Pseudohennaphroditisan, hormone ex- 
cretion levels, 1196 
Psychosis, and electrically induced 
convulsions, 1173 

Pulmonary disease, serum sodium and 
bicarbonate levels, 983 
Pulmonary function, after phosgene 
poisoning, 145, 169 
efficiency following congestion, 
1185 

tests for, 145 
ventilation index, 520 
See Vital Capacity 

Pulmonary tuberculosis, sec Tubercu- 
losis 

Pulmonic stenosis, blood volume, 860 
Pyrogen, effect on bromsulfalcin re- 
tention, 1175 

Pyruvic acid, tolerance in dogs, 536 
tolerance in shock, 536 

Qninacrine, excretion levels, 116S 
Quinidine, dosage, IISS 
plasma level, 11 SS 
sulfate, in auricular fibrilbtion, 
3200 

Radioactive (element 93) ameririum. 

metabolism in rat. 1190 
Radioactive iodise, excretion, in cu- 
thxToHism. 1 135 
in exophthalmic rmter. 1135 
in gastric juice. 1190 
in mxiedema, 1135 
in tMiv.!. 1190 
in thxTcid malignar.cx-, SI*' 
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in thyrotoxicosis, 1200 
urinary excretion, 1138 
Radioactive iron, circulation in shock, 
126 

erythrocyte survival in vivo, 667, 
687, 704, 715, 739 
fate in inflammation, 121 
in study of anemia, 103, 114 
uptake in acute inflammation, 103 
Radioactive sodium, metabolism in 
congestive heart failure, 1176 
Radioactive 2 inc, metabolic studies, 
1199 

Raynaud’s disease, See Peripheral 
Vascular Disease 

Respiration, functional tests, 145, 520 
in experimental congestion, 1185 
intrapulmonary and arterial pres- 
sure, 460 

response to intravenous oxygen, 837 
See also Pulmonary function 
Respiratory illnesses, bacteriologic 
study, 957 
classification, 957 
experimental transmission, 957 
immunity, 974 

Rh factor, in cirrhosis of liver, 1188 
Rheiunatoid arthritis, globulin levels, 
87 

nitrogen metaboiism, 1196 
Rocky Mountain spotted fever, circu- 
latory failure, 1183 
serum protein levels, 1183 
Roentgen-ray, effect on hemopoiesis, 
1187 

Roger’s disease, See Heart, interven- 
tricular septal defect 

Santoquine, excretion levels, 1168 
Sarcoidosis, serum polysaccharide, 
levels, 90 

serum protein levels, 90 
Sarcoma 180, inhibition by virus, 1198 
Scalds, blood changes following, 497 
factors responsible for death, 505 
fluid replacement therapy, 827 
See also Bums 

Schistosomiasis japonica, comparison 
of fuadin and tartar emetic, 370 
Scleroma, etiology, 281 
gram-negative bacillus, 281 
Senile osteoporosis, steroid hormone 
effects, 24 

Serum, reactions, Trichinella spiralis, 
64 

sickness, crystalloid bovine albu- 
min, 1185 

studies, influenza type A and B, 420 
Shock, cardiac output in man, 1 
experimental, by Type A Cl. welchii, 
394 

carbohydrate metabolism, 536 
circulation studies with isotopes, 
126 

fluid tonicity, 1002 
fluid volume, 1002 


liver perfusion, 530 
salt depletion, 1002, 1179 
tissue proteins in, 1181 
Skin tests, comparison of Trichinella 
spiralis and tuberculin reaction, 
64 

herpes simplex, 1195 
in tuberculous and trichinous rab- 
bits, 69 

Trichinella spiralis in dogs, 73 
Sodium bicarbonate, and excretion of 
antimalarials, 1168 
chloride, relationship to hyperten- 
sion, 1109 

metabolism in yotmg infants, 1181 
Spinal block, by chemical means, 203 
Splanchnicectomy, effect on blood 
flow, 1200 

hepatic function following, 1200 
Splenectomy, effect in hemolytic jaun- 
dice, 1180 

Staphylococcus aureus, and penicillin- 
resistance, 379 

Steroid hotmones, balance in excre- 
tion, 1196 
See l7-Ketosteroids 
Stilbestrol, blood picture after use in 
cancer of prostate, 1178 
Streptococcus hemolyticus, sulfadia- 
zine resistance, 325 
Streptomycin, dosage in human tuber- 
culosis, 1176 

concentration and bacterial suscep- 
tibility, 577 

effective blood levels, 577 
in draining tuberculous sinuses, 
1175 

in human pulmonary tuberculosis, 
1179 

in human tuberculosis, 1186, 1190 
in meningeal tuberculosis, 1176 
in miliary tuberculosis, 1176 
in tuberculous tracheo-bronchitis, 
1175 

in urinary tract infections, 577 
pH and efficacy, 577 
resistance of strains of tubercle 
bacilli, 1190 
toxicity, 1176 

Sulfadiazine, resistance of hemolytic 
streptococci, 325 

Sulfathiazole, renal symptoms in in- 
toxication, 1043 

substitution for inulin in clearance 
test, 1177 

Sympathomimetic drugs, assay, 1178 
beta-O-methoxyphenyl-isopropyl- 
methylamine, 1178 
Synovial fluid, amino acid levels, 853 
Syphilis, experimental effect of peni- 
cillin on, 1181 
hepatic function, 1055 
jaundice in therapeutic malaria, 
1055 

Tetraethyl ammonium, systemic block- 
ade of vasodilators, 1186 


Tetralogy of Fallot, blood volume, 860 
physiological studies, 1174 
venous catheterization, 561 
Thermal balance, during acclimatiza- 
tion to heat, 1180 
injury. See Burns, Scalds, Cold and 
Frostbite 

Thiocyanate space, in Rocky Moun- 
tain spotted fever, 1183 
J-Day fever, and encephalomyocar- 
ditis, 1197 

Thymol turbidity test in liver disease, 
1060 

Thyroid, cancer, radio-iodine excre- 
tion, 1138 

Thju-otoxicosis, drug therapy, 1200 
galactose absorption in, 11 
radioactive iodine, 1200 
Thyrotropin, blood level in hyperthy- 
roidism, 1197 

Tissue fluid, filtration, 1031 
reaction to pressure, 1031 
to temperature, 1031 
Toxemia of pregnancy, hepatic blood 
flow, 952 

Trichinella spiralis, serologic reac- 
tions, human, 64 
skin tests, human, 64 
tuberculous rabbits, 69 
Trypsin-inhibitor, and clotting of 
blood, 364 

Tryptophane, metabolism, relation to 
niacin, 1183 

Tuberculosis, genito-urinary tract, 
streptomycin therapy, 1186 
meningeal, streptomycin therapy, 
1186 

miliary, streptomycin therapy, 1176 
nitrogen metabolism, 1196 
pulmonarj', streptomycin therapy, 
1179, 1186 

serum polysaccharide, 90 
serum protein, 90, 883 
streptomycin therapy, 1186, 1190 
tracheo-bronchitis, streptomycin 
therapy, 1175 

Tuberculous sinuses, streptomycin 
therapy, 1175, 1186 
Tularemia, antitularense serum in 
rats, 756 

Typhus fever, serum protein changes, 
298 

Urea, and hepatic circulation, 1130 
arterial concentration, 1192 
clearance, and urine volume, 1159 
in normal subjects, 1159 
in pressure breathing, 945 
normal serum levels, 869 
Urecholine, in post-vagotomy syn- 
drome, 1189 

Uremia, effect of peritoneal lavage, 
1175 

potassium tolerance, 773 
Uric acid, endogenously similar chro- 
mogens, 995 

excretion after glydne, 815 
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in blood plasma, 991 
in cerebro-spinal fluid, 991 
in plasma ultrafiltrates, 991 

Urinary infections, resistance to strep- 
tomycin, 577 

Urine, excretion of radioactive sodium, 
1176 

protein excretion levels, 892 
uric acid studies, 995 
volume, and urea clearance, 1159 
in pressure breathing, 945 

Vagotomy, effect on peptic ulcers, 784 
gastric motility following, 784 
stimulation of gastric peristalsis, 
1189 

Vanti bodies, 756 


Vascular Riders, in pregnancy, 1173 
Vasoconstrictor fibers, chemic^ block, 
203 

. Vasodilatation, systemic blockade with 
tetraethyl-ammonium, 1186 
Ventricular infarct, electrocardio- 
graphic changes, 1191 
Virilism, excretion of hormones, 1196 
Virus, in respiratory illness, 974 
inhibition of sarcoma, 1198 
isolation by antibiotic and chemo- 
therapeutic agents, 1191 
Visceral blood flow, determination, 
1130 

Vital capacity, after acetyl-beta- 
methyl choline, 430 
after histamine, 430 


after sympathomimetic drugs, 1178 
studies, 520 

See also Pulmonarj' Function and 
Respiration 

Vitamin K, in hypoprothrombinemia, 
1187 

K-1, in hypoprothrombinemia, 1187 

Viviperfusion as compared to trans-- 
fusions, 530 

Water balance in bum injurj', 827 

Water metabolism, in young infants, 
1181 

Zinc metabolism, radioactive isotopes, 
1199 





